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Abstract 
 
The gaseous phytohormone ethylene regulates several physiological and developmental 
processes in higher plants. There are five ethylene receptor isoforms that mediate the 
responses to ethylene in the model plant Arabidopsis thaliana. Prior research has shown 
that these five ethylene receptor isoforms in Arabidopsis have both overlapping and non-
overlapping roles in regulating diverse responses such as growth in air, growth recovery 
after removal of ethylene, and ethylene stimulated nutational bending. Functional 
divergence of ETR1 has been determined in controlling some of these traits and in some 
of these cases, ETR1 subfunctionalization requires the receiver domain. Using homology 
modeling and sequence alignment studies, we determined regions with the structural 
divergence between the receiver domains of ETR1 versus EIN4 and ETR2. I found that 
the ETR1 receiver domain has multiple functions where residues in the γ-loop are 
important for germination on salt and abscisic acid signaling, whereas residues on the C-
terminal end of the receiver domain are essential for ethylene-stimulated nutations. 
Additionally, ETR1 and ETR2 have contrasting roles in the control of at least one trait, 
seed germination under salt stress. I expanded these results by showing that ETR1 and 
ETR2 have contrasting roles in the control of germination under a variety of inhibitory 
conditions. Using epistatic analysis, I also show that ETR1 and ETR2 do not require the 
canonical ethylene signaling pathway to regulate seed germination under stress 
conditions. The mechanism for this differential control is unclear but could involve 
differences in receptor-protein interactions. To explore the importance of receptor-protein 
interactions I conducted a yeast two-hybrid screen using the cytosolic domains of ETR1 
and ETR2 against a root library. This uncovered unique interacting partners with ETR1 
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and ETR2. I focused on three of the stress-related proteins and confirmed their 
interactions with the receptors in yeast and in planta assays. Loss of these proteins 
resulted in faster germination in response to ABA showing that they are involved in ABA 
responses. Thus, ETR1 and ETR2 signal via a non-canonical pathway to control seed 
germination and affect ABA signal transduction. These results suggest that the receptors 
have both ethylene-dependent and –independent roles in plant cells.  
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Chapter I: Introduction 
 
The background presented in this chapter was published in Journal of Plant Growth 
Regulation under the title “History of Research on the Plant Hormone Ethylene” (Bakshi 
et al. 2015a) and in Royal Society of Chemistry as a book chapter under the title “Gas 
Sensing in Cells: Plant Ethylene Sensing & Signaling”. 
 
Ethylene is the simplest of olefin gasses and was the first gaseous biological signaling 
molecule discovered, which affects diverse physiological and developmental processes 
in plants (Abeles et al. 1992; Mattoo and Suttle 1991). Back in the 1800s, the discovery 
of ethylene as a plant hormone started when researchers observed the effects of 
illuminating gas on plants. In 1901, Dimitry Nelubow determined that ethylene is the active 
component of illuminating gas that affects plants and thus set the first stone initiating the 
field of ethylene research (Neljubow 1901). In 1934 Richard Gane provided the evidence 
that ethylene is also biosynthesized by plants (Gane 1934). In the next five decades, the 
biochemical pathway for ethylene biosynthesis in plants was elucidated and membrane-
bound ethylene binding sites were discovered and characterized. Later with the use of 
Arabidopsis thaliana as a model plant system (Meyerowitz and Pruitt 1985) and the 
advent of genetic and molecular biological techniques, a lot of new information regarding 
ethylene perception, signaling and its role in regulating diverse plant functions such as 
germination of seeds, growth regulation, senescence, abscission, fruit ripening and, 
responses to many biotic and abiotic stresses were unraveled (Bakshi et al. 2015a).  
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One of the significant assays which led to the discovery and screening of hundreds of 
single and combinatorial ethylene syntheses and signaling mutants in Arabidopsis was 
the triple response assay, where dark-grown Arabidopsis seedlings are grown in the 
presence of ethylene. In wild-type eudicot seedlings, this results in what is termed a triple 
response where plants have a shorter hypocotyl and root, an exaggerated apical hook, 
and a thicker hypocotyl with more root hair formation (Crocker et al. 1913). Interestingly, 
ethylene-insensitive mutants were discovered as tall seedlings in a lawn of ethylene-
sensitive short seedlings, and constitutive triple response mutants have a short 
phenotype found among a field of tall wild-type seedlings when they are grown in 
presence of air (Bleecker et al. 1988; Guzmán and Ecker 1990; Kieber et al. 1993). 
Although much research has been done on Arabidopsis, similar genes have been 
discovered in other plants such as rice, tomato, and strawberry, as well as in land plants 
from ancient divergent lineages such as the moss Physcomitrella and the spike moss 
Selaginella, and from aquatic plants such as the green algae Spirogyra (Banks et al. 2011; 
Bleecker et al. 1988; Guzmán and Ecker 1990; Ju et al. 2015; Klee and Giovannoni 2011; 
Ma et al. 2010; Rensing et al. 2008; Shulaev et al. 2011). This strongly indicates that a 
similar signal transduction pathway is found in all land plants and probably evolved prior 
to colonization of land. In addition to this, putative ethylene receptors have been found in 
various bacteria and recently, an ethylene receptor has been characterized in the 
cyanobacterium Synechocystis suggesting that the ethylene receptors evolved prior to 
plants (Lacey and Binder 2016; Rodriguez et al. 1999; Wang et al. 2006).  
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The focus of this dissertation is on new findings about the overlapping and non-
overlapping roles of the multiple ethylene receptors in controlling specific traits such as 
growth rate in air, growth recovery after removal of ethylene, ethylene stimulated 
nutational bending and germination of seeds under stressful conditions. This research 
was done with the model flowering plant Arabidopsis thaliana, which belongs to the 
mustard and cabbage family. This chapter will provide an overview of the biosynthesis, 
perception and signaling of ethylene in plants. This will be followed by a focus on the 
different ethylene receptors and their structural similarities and differences in Arabidopsis. 
Finally, an overview of the recent findings of the unique roles of ethylene receptors in 
Arabidopsis will be provided. Since, a major part of this dissertation involves seed 
germination under stress conditions and in response to a second plant hormone, abscisic 
acid (ABA), an overview of the ABA signal transduction pathway and its role on seed 
germination in response to various abiotic stresses will be provided.  
 
Ethylene Biosynthesis in Plants 
After the recognition of ethylene as a gaseous plant hormone (Gane 1934) and its diverse 
role in plant growth and development, it was necessary to identify and understand how 
this simple two-carbon structured molecule is synthesized in the plants and how its 
biogenesis is regulated. Ethylene is synthesized from the amino acid methionine 
(Lieberman and Mapson 1964; Yang and Hoffmann 1984; Yang et al. 1966). The first 
reaction is the conversion of methionine to S-adenosyl methionine catalyzed by a 
synthetase (Adams and Yang 1977; Burg 1973; Chou and Talalay 1972). The first 
committed and the rate limiting step in the ethylene biogenesis is catalyzed by 1-
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aminocyclopropane-1-carboxylic acid synthase, which converts S-adenosyl methionine 
to 1-aminocyclopropane 1-carboxylic acid (ACC) (Adams and Yang 1979; Argueso et al. 
2007; Boller et al. 1979). This enzyme belongs to the pyridoxal-5’-phosphate-dependent-
enzyme family and is differentially regulated by various endogenous, environmental and 
developmental factors. The final step in ethylene biosynthesis is catalyzed by an oxidative 
enzyme known as ethylene forming enzyme, also known as ACC oxidase (ACO), 
converting ACC into ethylene (Davies and Grierson 1989; Hamilton et al. 1990).  
 
Ethylene is biosynthesized in all plant tissues and is tightly regulated in response to 
developmental and environmental biotic and abiotic signals such as pathogen attack, 
various stress factors like submergence, wounding, mechanical stress and other plant 
hormones such as auxin, cytokinin and ethylene itself at various point of the 
developmental cycle (Abeles et al. 1992). Ethylene levels in the plant are generally low, 
but certain stresses such as flooding and during certain developmental events such as 
fruit ripening cause a transitory increase in ethylene levels. Although significant progress 
had occurred in the identification and biochemical characterization of ethylene 
biosynthesis in plants, there are still many questions to be answered. A major focus of 
current research is to decipher the molecular mechanisms of the regulation of the 
individual steps in ethylene biosynthesis during development and in response to 
environmental events.  
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Overview of Ethylene Perception and Signal Transduction 
Ethylene, being a small, lipophilic, gaseous molecule, can easily diffuse in aqueous, lipid, 
and gaseous compartments and can diffuse to different parts of the plant as well as to the 
surrounding environment and hence, can affect diverse events in plants such as growth, 
fruit ripening, senescence and response to stresses. An essential question is how this 
small, simple gaseous molecule influences such a diverse array of effects in plants. A 
very critical requirement for any signaling molecule or ligand to be functional in a biological 
system is the presence of a receptor, which can detect and perceive it. In Arabidopsis, a 
family of endoplasmic reticulum (ER) localized ethylene receptors perceives and 
mediates responses to ethylene (Chen et al. 2002b; Grefen et al. 2007; Ma et al. 2006). 
All the receptors bind ethylene with very high affinity (Schaller and Bleecker 1995). The 
dissociation rate (KD) is in the nM range (Hall et al. 2000; McDaniel and Binder 2012; 
O'Malley et al. 2005; Schaller and Bleecker 1995). They have been classified into two 
subfamilies, in which subfamily 1 consists of ETHYLENE RECEPTOR1 (ETR1) and 
ETHYLENE RESPONSE SENSOR1 (ERS1) whereas, subfamily 2 consists of ETR2, 
ERS2 and ETHYLENE INSENSITIVE 4 (EIN4) (Chang et al. 1993; Hua and Meyerowitz 
1998; Hua et al. 1998; Sakai et al. 1998; Wang et al. 2006). The receptors are 
homodimers linked by disulfide linkages (Rodriguez et al. 1999; Schaller and Bleecker 
1995; Schaller et al. 1995). But higher order receptor clustering is thought to be present 
and may allow for crosstalk and signal amplification (Binder et al. 2004; Gao et al. 2008). 
The receptors have homology to two component receptors present in bacteria, fungi, and 
slime molds (Bleecker et al. 1988; Hua et al. 1995; Hua and Meyerowitz 1998; Wang et 
al. 2006). The subfamily I receptors have histidine kinase activity based on in vitro 
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analysis. On the other hand, the subfamily II receptors contain diverged kinase domains 
that lack residues critical to histidine kinase activity, and have serine/threonine kinase 
activity in vitro (Gamble et al. 1998b; Moussatche and Klee 2004). Out of the five, only 
ERS1 has both histidine and serine/threonine kinase activities. All the receptors have an 
N-terminal ethylene binding domain, followed by a long C-terminal tail consisting of a GAF 
domain, and a kinase domain. Out of the five receptors, three of them ETR1, ETR2 and 
EIN4 have an additional receiver domain at the C-terminal end. In addition, only the 
subfamily II receptors have been predicted to have an N-terminal sequence, thought to 
function as a signal peptide but it still needs to be explored in depth (Figure I-1) (Shakeel 
et al. 2013b). All these domains are described in more detail later in this chapter. 
 
Remarkable studies in Arabidopsis with forward and reverse genetic approaches have 
discovered key components in the field of ethylene signaling. The core players are the 
ethylene receptors, CONSTITUTIVE TRIPLE RESPONSE1 (CTR1), EIN2 and the 
downstream transcription factors EIN3 and EIN3-LIKE1 (EIL1) (Alonso et al. 1999; Alonso 
et al. 2003; Guzmán and Ecker 1990; Kieber et al. 1993). The ethylene receptors, CTR1 
and EIN2 are localized or associated with the ER. So, they were predicted to interact with 
each other and form a higher order multimeric signaling complex in the ER. Since the 
transmembrane N-terminal portion of the ethylene receptors is involved in binding of 
ethylene, the cytosolic C-terminal portion is an ideal docking site for interacting proteins 
that might be involved in signal transduction. 
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In Arabidopsis, ethylene is perceived by a five-member family of endoplasmic reticulum (ER) localized ethylene receptors, 
that function as homodimers. The family has been divided into two subfamilies based on phylogenetic analysis and 
sequence similarities. All of them contains at least one copper (I) ion giving the dimer the ability to bind at least one molecule 
of ethylene. All of them contain an ethylene binding domain, GAF domain and a kinase domain. The subfamily II members 
contain a predicted signal sequence on the N-terminal end. Of the five receptor isoforms, ETR1, ETR2 and EIN4 have an 
additional receiver domain. 
 
Figure I- 1 Ethylene Receptor Family in Arabidopsis thaliana 
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The core components of the ethylene signaling pathway are discussed in detail in the 
following sections. Here, I will give a brief overview of the signaling cascade elicited by 
ethylene in plants. In the absence of ethylene, the ethylene receptors are active and they 
physically interact with CONSTITUTIVE TRIPLE RESPONSE 1 (CTR1), which is a 
negative regulator of the pathway. CTR1 is similar to the Raf family of serine/threonine 
kinases in its C-terminal region and acts just downstream of the ethylene receptors 
(Kieber et al. 1993; Cancel and Larsen 2002; Clark et al. 1998). Although studies had 
shown that all the receptors can interact with CTR1, there are differences in the strength 
of interaction, where the subfamily I interacts strongly with CTR1 as compared to the 
subfamily II receptors. Evidence from receptor truncation studies indicate that the 
receptor kinase and receiver domains are involved in the interaction with CTR1. 
Considering the fact that only three of them have the receiver domain, this suggests that 
a different level of regulation of CTR1 is involved within the receptor family.  
 
As the name suggests, loss-of-function mutants of CTR1 show constitutive triple 
responses even in the absence of ethylene and phenotypically resembles wild type 
seedlings grown under ethylene. In air CTR1 is active and phosphorylates and inactivates 
EIN2 protein (Alonso et al. 1999). EIN2 is composed of an N-terminal twelve pass 
transmembrane domain, which has similarity to the NRAMP family of metal transporters 
and a long C-terminal cytosolic tail (Alonso et al. 1999). When the C-terminal tail of EIN2 
is phosphorylated by CTR1 in the absence of ethylene, it is then subjected to 
ubiquitination and finally to 26S proteasomal degradation, mediated by two F-box proteins 
EIN2 TARGETING PROTEIN 1 and 2 (ETP1 and 2) (Chen et al. 2011; Ju et al. 2012; 
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Qiao et al. 2009; Qiao et al. 2012; Wen et al. 2012). Downstream of EIN2 are two nuclear 
localized transcription factors, EIN3 and EIL1 (Alonso et al. 2003; Chao et al. 1997). They 
also act as positive regulators in the pathway. In the absence of ethylene CTR1 
phosphorylates EIN2 leading to its degradation and EIN3 and EIL1 are negatively 
regulated by nuclear localized F-box proteins EIN3 BINDING F BOX PROTEIN1 (EBF1) 
and EBF2 and subsequently degraded by the 26S proteasomal system (Binder et al. 
2007). This results in no elicitation of ethylene responses (Gagne et al. 2004; Potuschak 
et al. 2003).  
 
In the presence of ethylene, the receptors are inactivated and CTR1 activity is reduced 
leading to less phosphorylation of EIN2. This prevents the ubiquitination and degradation 
of EIN2. The rise in EIN2 levels leads to a decrease in the ubiquitination and degradation 
of EIN3 and EIL1 and ethylene signaling occurs (Wen et al. 2012). Since, EIN3 and EIL1 
are nuclear localized transcription factors, it has long been recognized that a signal needs 
to be translocated from the ER membrane (where the receptors and EIN2 are located) 
into the nucleus to trigger ethylene responses. Consistent with this prediction, when EIN2 
protein levels rise, the C-terminal tail is cleaved and relocates into the nucleus (Figure I-
2). 
 
The Ethylene Receptors 
In the late 1980s and 1990s, the model plant Arabidopsis thaliana became one of the 
major genetic tools and resulted in much of the breakthrough research in understanding 
the key elements which perceive and mediate the responses to ethylene. Identification of  
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Figure I- 2 Ethylene Signal Transduction Pathway 
 
(A) Simplified linear genetic model of ethylene signaling. (B) Biochemical Model of 
ethylene signaling. In the absence of ethylene, the ethylene receptors are active and 
activate CTR1. In turn, CTR1 phosphorylates the C-terminus of EIN2. ETP1/2 and 
EBF1/2 promote the degradation of EIN2 and downstream EIN3 and EIL1 respectively, 
thereby inhibiting ethylene responses. Whereas, in presence of ethylene, the ethylene 
receptor-CTR1 complex is inactivated, which releases the inhibition on EIN2, leading to 
the cleavage of EIN2 C-terminus and translocation and localization of it within the 
nucleus. This results in the accumulation of EIN3 and EIL1, which elicits the ethylene 
responses. 
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these signaling components through biochemical and mutational studies, has led to 
models for ethylene signaling. For a long time, scientists thought that two-component 
signal transduction pathways were only prevalent in bacteria, fungi and, slime molds 
(Chang et al. 1993). The canonical two-component signaling system typically consists of 
a sensor domain that perceives the input signal followed by a histidine kinase and a 
downstream response regulator domain. The signaling is initiated by the 
autophosphorylation of the histidine in the kinase domain, followed by phosphorelay to 
the conserved aspartate residue in the response regulator domain, usually a transcription 
factor, that elicits the downstream signaling output (Schaller et al. 2011). 
 
In 1993, two separate papers reported that two-component receptors are also found in 
eukaryotes. Chang et al reported that the Arabidopsis ethylene response gene ETR1 was 
similar to bacterial two-component receptors (Chang et al. 1993) and Ota and Varshavsky 
reported that the product of the SLN1 gene from Saccharomyces cerevisiae, critical for 
osmolarity sensing, was also similar to bacterial two-component regulators (Ota and 
Varshavsky 1993). As mentioned above, the ethylene receptors are composed of an 
ethylene binding domain, GAF domain, kinase domain and in three of the receptors 
(ETR1, ETR2 and EIN4) a receiver domain.  
 
Ethylene Binding Domain 
Previous studies indicate that all of the ethylene receptors contain at least three 
transmembrane spanning α-helices, which function as the ethylene binding domain 
(Rodríguez et al., 1999). Initially, scientists believed that the ethylene binding domain was 
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exclusive to plants including ferns, fern allies and bryophytes but later homologous 
sequences of the binding domain were identified in cyanobacteria suggesting that they 
have a plastid origin (Mount and Chang 2002; Rodriguez et al. 1999; Wang et al. 2006). 
To date, we do not have a crystal structure for this domain, but there had been several 
biochemical and genetic epistatic studies revealing the role of the ETR1 N-terminal 
transmembrane domain in ethylene binding.  
 
A more complete understanding of ethylene binding occurred when the ETR1 receptor 
was exogenously expressed. In 1995, Eric Schaller and Anthony Bleecker biochemically 
characterized the ETR1 protein by expressing the full-length coding sequence in yeast. 
When expressed in yeast, the Arabidopsis ETR1 forms a homodimer stabilized by two 
disulfide bonds that has ethylene binding with a Kd of approximately 2.4 nM. A point 
mutation in the second transmembrane domain of the Arabidopsis ETR1 gene (Cys65 to 
Tyr) resulted in a dominant, ethylene insensitive mutant, etr1-1, showing no detectable 
ethylene binding in a similar mutation in the yeast-expressed protein (Schaller and 
Bleecker 1995; Schaller et al. 1995). Further studies demonstrated that Arabidopsis 
contains four other receptor isoforms (ETR2, ERS1, ERS2, EIN4) that bind ethylene with 
high affinity (Hua et al. 1998; Sakai et al. 1998). All the isoforms contain two cysteine 
residues at the N-terminus that stabilize the receptors as homodimers (Schaller et al. 
1995; Rodriguez et al. 1999). When aligned, the ethylene binding domains of the plant 
receptors have many amino acids that are conserved. With subsequent studies, it was 
found that helices 1 and 2 in the transmembrane domain are important for ethylene 
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binding and helix 3, and perhaps part of helix 1, are important for signal output (Hall et 
al., 1999; Rodríguez et al., 1999; Wang et al., 2006).  
 
Previous reports indicated that carbon monoxide, which is known to require a metal ion 
for binding, was shown to produce ethylene responses in peas, hence a metal ion was 
predicted to be involved in the binding of ethylene (Burg and Burg, 1967; Abeles, 1973). 
Consistent with this, genetic studies showed that the RESPONSIVE TO ANTAGONIST1 
(RAN1) gene is required for normal receptor function (Binder et al. 2010; Woeste and 
Kieber 2000). This gene encodes a protein that belongs to the copper transporting P-type 
ATPases and is localized in the ER membrane (Hirayama et al. 1999). Additional data 
supports that copper ions (Cu) are required for ethylene receptor function (Rodriguez et 
al. 1999). Current models propose that the ATX1 copper chaperone, delivers Cu to the 
RAN1 copper transporter (Li et al. 2017). RAN1 transports Cu into the ER lumen where 
it is taken up by the ethylene receptors.  
 
The coordination site for Cu is thought to be in the central portion of the transmembrane 
domain where it binds ethylene. ETR1 forms a complex with another protein, 
REVERSION TO SENSITIVITY 1 (RTE1) which, in turn, is associated with cytochrome 
b5. The roles of these proteins in receptor function are unclear, but it is possible that 
Cytb5 is involved in redox chemistry in relationship to the ethylene receptors (Chang et 
al. 2014; Dong et al. 2010; Dong et al. 2008; Resnick et al. 2006). In the absence of a 
functional RAN1, the metal deficient ethylene receptors are nonfunctional, leading to 
constitutively active signaling pathway, and hence, the plants show constitutive ethylene 
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response phenotypes. Each receptor homodimer is predicted to accommodate at least 
one copper(I) ion giving the dimer the ability to bind at least one molecule of ethylene 
(Schaller and Bleecker, 1995; Rodríguez et al., 1999, Binder et al., 2010).  
 
Loss of two or more receptors causes a constitutive triple response. This observation led 
to an inverse-agonist model but later with further mutagenesis studies on ETR1 resulted 
in a refinement of this model where it is believed that the receptors exist in three signaling 
states for ethylene function. In this model, in the absence of ethylene, the ethylene 
receptors are active, resulting in constitutive signaling from the transmitter domain of the 
receptors that prevent ethylene response pathway (state I). Binding of ethylene to the 
receptors causes conformational changes in the binding domain, resulting in inactive 
receptors that promote ethylene responses (state III). However, this model predicts a 
quasistable, transitional, intermediate state (state II) in which ethylene is bound to the 
receptor and maintains a transmitter-on status, but the receptors still prevent ethylene 
responses (Wang et al. 2006). 
 
GAF Domain 
Although the N-terminus of the ethylene receptors contains the unique ligand-binding 
sites, the rest of the gene has homology to the bacterial two-component receptors. The 
cytosolic C-terminal portion of all the ethylene receptors including those found in 
cyanobacteria begin with the GAF domain. These domains are widely distributed in >7500 
proteins, and involved in a plethora of biological processes such as intracellular signaling, 
gene transcriptional regulation, response to oxidative stress, light detection in bacteria, 
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fungi and plants (West and Stock, 2001). They are so-named because they were initially 
identified in mammalian cGMP-regulated phosphodiesterases, Anabaena adenylyl 
cyclases and the transcription factor FhlA from E. coli. GAF domains were first described 
as non-catalytic, high-affinity, cGMP binding domains conserved in cGMP-stimulated 
phosphodiesterases found in bovine rod photoreceptors (Charbonneau et al. 1990). GAF 
domains have since been found to bind a diverse array of small molecules including linear 
and cyclic nucleotides, amino acids, and porphyrin rings (Kanacher et al. 2002; Levdikov 
et al. 2009; Sardiwal et al. 2005; Tucker et al. 2006; Ulijasz et al. 2009). In many cases, 
however, the nature of the ligand remains unknown and in some cases, there is no 
evidence of ligand binding, where the domains are predicted to have a structural role in 
the protein (Levdikov et al., 2009).  
 
Arabidopsis ETR1, although having a similar domain architecture to GAF-containing 
phytochromes, lacks the cysteine required for chromophore binding within the GAF 
domain. Instead, the GAF domain in plant ethylene receptors has been suggested to be 
a critical component for higher order heteromeric interactions between the receptor 
homodimers (Gao et al. 2008; Grefen et al. 2008). In addition, the ETR1 GAF domain is 
thought to be involved in receptor-dimerization facilitating inter-receptor signaling and 
predominantly mediates non-covalent and reversible receptor-protein interactions (Xie et 
al. 2006). Signal output from the Arabidopsis ETR1 ethylene receptor can be mediated 
via a canonical CTR1-dependent or non-canonical CTR1-independent pathways. Recent 
studies reported that the ETR1 GAF domain is predicted to elicit signal responses 
independent of the kinase and receiver domains. This so called “N-terminal signaling” is 
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promoted by RTE1 (Barry and Giovannoni 2006; Dong et al. 2010; Dong et al. 2008; 
Resnick et al. 2006; Xie et al. 2006). The N-terminal ETR1 signaling state is favored by 
RTE1 and more pronounced with the deletion of the C-terminus of ETR1 (Qiu et al. 2012). 
 
Kinase Domain 
All the plant ethylene receptor isoforms contain a histidine protein kinase or a histidine 
protein kinase-like domain. Histidine kinases are a large family of multifunctional, 
generally membrane-bound, homodimeric proteins that play a critical role in signal 
transduction pathways in plants, animals and in prokaryotes (West and Stock 2001). 
Typically, in bacterial two-component phosphotransfer-mediated signaling pathways, 
they are composed of an N-terminal periplasmic sensing domain, coupled to a C-terminal 
cytoplasmic kinase domain. Sequence diversity has been noted in the sensor domain 
(stimulus specific), which spans the membrane and is indicative of the many different 
environmental signals to which histidine kinases are responsive, whereas the kinase 
domain is more highly conserved and can be identified by a set of conserved primary 
sequence motifs. In bacteria, the three distinct, but related trademark features of histidine 
kinase domains are autokinase activity, phosphotransfer activity and, in some cases, 
additional phosphatase activity (Stewart 2010). Biochemical and mutagenesis studies 
have demonstrated that the core kinase domain catalyzes an ATP-mediated trans-
autophosphorylation reaction in which one subunit of the dimer phosphorylates a specific 
histidine residue within the other subunit. Thus, the resultant phospho-imidazole acts as 
the donor of a phosphoryl group to a conserved aspartic acid residue of a downstream 
response regulator protein. In addition, some histidine kinases also exhibit self-
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phosphatase activity towards their cognate response regulator domains to regulate the 
level of phosphorylated response regulator in the cell and hence control the downstream 
signaling cascades via the effector proteins.  
 
As mentioned earlier, the plant ethylene receptors have homology to the bacterial two-
component signaling systems. The subfamily I receptors ETR1 and ERS1 have a 
conserved histidine kinase domain, whereas for subfamily II, ETR2, ERS2 and EIN4, the 
histidine kinase domain is more diverged, and lacks some of the signature consensus 
motifs necessary for the histidine kinase activity (Chang et al. 1993; Hua et al. 1995; Hua 
and Meyerowitz 1998; Qu and Schaller 2004). Hence, in Arabidopsis, histidine kinase 
activity is restricted to subfamily 1 ethylene receptors. However, there is some confusion 
with ERS1 which may have both histidine and serine/threonine kinase activity. By 
contrast, of the four ethylene receptors identified in tobacco, histidine kinase activity is 
not restricted to a specific subfamily. Like in Arabidopsis, NtETR1, a subfamily 1 ethylene 
receptor has histidine kinase activity in vitro. Within subfamily 2, NTHK1 protein has 
serine/threonine kinase activity in the presence of Mn2+ and NTHK2 has both 
serine/threonine in presence of Mn2+ and histidine kinase activity in the presence of Ca2+ 
in vitro (Chen et al. 2009; Xie et al. 2003; Zhang et al. 2004b). It is not known whether 
any of the Arabidopsis subfamily II members have histidine kinase activity if Ca2+ is 
supplied as the metal cofactor, however that possibility is unlikely based on their divergent 
kinase domains (Chen et al. 2009; Gamble et al. 1998b; Moussatche and Klee 2004; 
Zhang et al. 2004b). 
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Although all the ethylene receptors studied to date show serine/threonine or histidine 
kinase activity or both in vitro, direct biochemical evidence for the kinase activity in vivo 
has not been shown for any of the ethylene receptors. In fact, based on the reports under 
physiologically relevant cellular ratios of Mg2+ to Mn2+, where Mg2+ concentrations are 50-
100-fold higher than that of Mn2+, ETR1 shows no autophosphorylation and ERS1 only 
shows autophosphorylation on serine residues which brings into question whether ETR1 
and ERS1 have histidine kinase activity in vivo (Moussatche and Klee 2004)  
 
Even though the in vitro studies indicate that the ethylene receptors have kinase activity 
that is regulated by ligand binding to the receptor. Mutational and genetic 
complementation studies with truncated ETR1 show that the canonical kinase activity is 
not required for ethylene signaling. In etr1;ers1 double loss-of-function mutants lacking 
the two receptors with histidine kinase activity in vitro, Arabidopsis plants show a strong 
constitutive ethylene response phenotype. This phenotype is reversed by both a wildtype 
ETR1 and a mutant ETR1 lacking histidine kinase activity suggesting that histidine kinase 
activity is not needed for ethylene signaling (Binder et al. 2004; Gamble et al. 2002; Hall 
et al. 2012; Qu and Schaller 2004; Wang et al. 2003; Xie et al. 2006). Instead ETR1 
kinase activity appears to modulate responsiveness and sensitivity to ethylene as well as 
recovery of the growth after the removal of ethylene (Binder et al., 2004b; Qu and 
Schaller, 2004; Hall et al., 2012). It still needs to be determined how kinase activity of 
other ethylene receptors modulate ethylene signaling. When overexpressed in 
Arabidopsis, the subfamily II tomato ethylene receptor NTHK1 caused increased 
sensitivity of etiolated seedlings to the ethylene precursor ACC, while the kinase deficient 
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version of NTHK1 maintained wild-type sensitivity to ACC (Chen et al. 2009). This 
indicates that serine/threonine kinase activity may also play an important role in the 
plant’s sensitivity to ethylene. 
 
Receiver Domain 
Because a major focus of chapter 2 of this thesis is the role of the ETR1 receiver domain, 
the following section will cover important details about this domain. 
 
The second element of the prokaryotic two-component signal transduction pathways is 
the response regulator proteins, often defined by the presence of a receiver domain. In 
1988, Kofoid and Parkinson proposed the term “receiver module” to establish the link 
between output of the sensor kinases and the design of the two component systems 
(Kofoid and Parkinson 1988). In context of the five ethylene receptors, three of them 
ETR1, ETR2 and EIN4 contain an additional cytosolic C-terminal receiver domain, initially 
discovered in the prokaryotes but later studies had shown its existence in fungi, mosses, 
slime molds and higher plants (Schaller et al. 2008). Previous reports had demonstrated 
that subfamily 1 and subfamily 2 ethylene receptors are present in both monocots and 
dicots (Bleecker 1999; Klee 2004; Yau et al. 2004). However, studies in dicots and 
eudicots (represented by Arabidopsis, tomato and Populus sp.), both subfamily I and 
subfamily II members are found to contain receiver domains, whereas in all monocots 
such as rice and maize, receiver domains have only been identified in subfamily II 
members. Although the exact reason behind this difference is still not known, predictions 
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suggest that transphosphorylation could occur between the subfamily I and II receptors 
to mediate the downstream signaling responses (Binder et al. 2012).  
 
Based on amino acid sequence similarities and structure analysis, receiver domains 
usually adopt a (βα)5 topology, where the central five-stranded parallel β-sheet is 
surrounded by two α-helices on one side and three on the other side. The amino acid 
sequences of receiver domains contain six conserved residues including: three aspartic 
acid residues (two of which can be replaced by glutamic acid residues), a lysine, a 
serine/threonine and a phenylalanine/tyrosine residue (Bourret and Silversmith 2010). 
The serine/threonine, and phenylalanine/tyrosine residues are involved in conformational 
changes of the receiver domain and are required to participate in the downstream signal 
transduction. The three aspartic acid residues form an acidic pocket and, along with the 
lysine, are involved in occupying three of the six coordination positions of a divalent metal 
cofactor in the active site. The rest of the three coordination positions of the divalent metal 
ion are predicted to be occupied by a backbone carbonyl group and two water molecules. 
For many receiver domains, Mg2+ is the preferred metal ion but Mn2+ metal ions are also 
reported. Trivalent cations bind ~1000 times more tightly than divalent cations to the CheY 
receiver domains, but the physiological relevance of this is unknown (Lukat et al. 1990; 
Needham et al. 1993). One of these aspartic acid residues is predicted to be a conserved 
residue for the phosphorelay function (Bourret and Silversmith 2010). Reports indicate 
that the receiver domains can also catalyze self-phosphorylation using specific 
phosphodonors (Wolfe 2010). Often in prokaryotes, receiver domains are attached to a 
downstream effector protein where they act as a phospho-mediated on/off switch to 
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control the effector domain output (Bourret and Silversmith 2010). One of the major roles 
of these effector domains is to regulate gene expression and in these cases, 
phosphorylation of the receiver domain is thought to mediate the dimerization of the two 
monomer subunits, which results in DNA binding and transcriptional regulation by the 
effector domain (Gao et al. 2008).  
 
In 1999, the first plant receiver domain consisting of residues 604-738 of the Arabidopsis 
ETR1 ethylene receptor was crystalized (Müller-Dieckmann et al. 1999). Despite showing 
low sequence similarity to the well-studied CheY receiver domain from E. coli (17.6% 
sequence identity for the 136 residues of the ETR1 receiver domain), they showed high 
structural fold conservation. The most striking difference between ETR1 and CheY 
receiver domains is the orientation of their γ-loops. The γ-loop is thought to be involved 
in molecular recognition and receptor-protein interactions. Structural analyses indicate 
that the backbone carbonyl of an asparagine residue in the CheY receiver domain γ-loop 
participates in cation ligation, however the backbone carbonyl of the corresponding 
cysteine in ETR1 receiver domain is facing away from the acidic pocket and hence is not 
thought to participate in cation ligation unless the γ-loop undergoes a major 
conformational change.  
 
The Arabidopsis ETR1 receiver domain is found as a dimer in the crystal form and the 
dimer interface of ETR1 receiver domain corresponds to the complex interface of the 
bacterial chemotaxis CheY-CheA and the intermolecular interface of CheB receiver 
domains (Müller-Dieckmann et al., 1999). Based on the comparison to the bacterial CheY 
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and CheB receiver domains, the interface interaction and dimerization of ETR1 receiver 
domain is predicted to be phosphorylation dependent (Müller-Dieckmann et al., 1999). In 
prokaryotes, receiver domains in hybrid kinases in which both His- and Asp-containing 
domains are present within a single protein, often participate in multistep phosphorelay 
where the phospho group is transferred from the phosphorylated histidine in the kinase 
domain to the conserved aspartic acid in the receiver domain and then to the phospho-
accepting histidine of a second histidine phosphotransfer protein and then to the aspartic 
acid of another receiver domain containing protein (Bourret, 2010). Although three of the 
ethylene receptors are hybrid kinases containing both a sensor histidine kinase and a 
response receiver domain, they are not thought to use this mechanism for signaling.  
 
In many two component systems, it is often seen that receiver domains catalyze 
autodephosphorylation to terminate a signal transduction pathway, generally by the 
involvement of some auxiliary phosphatase proteins. These auxiliary phosphatases 
enhance response regulator autophosphatase activity, further accelerating the 
dephosphorylation of the phosphorylated response regulator proteins. 
Autodephosphorylation has not been yet reported in ethylene receptor receiver domains. 
In fact, of all the ethylene receptors tested for kinase activity to date, only one of them, 
rice ETR2, has been shown to phosphorylate its receiver domain in vitro (Wuriyanghan 
et al. 2009). Thus, the roles of phosphorelay and the ethylene receptor receiver domains 
is still being explored. It is possible that the receiver domains of plant ethylene receptors 
have multiple functions in receptor-protein interactions and signal output, resulting in the 
functional divergence of the ethylene receptors. Several studies indicate the receiver 
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domain is involved in receptor subfunctionalization which will be discussed later in the 
chapter. 
 
Unique and Non-Overlapping Functions of the Ethylene Receptors in 
Arabidopsis 
Prior studies from the Binder lab and others show that the five receptor isoforms in 
Arabidopsis have both overlapping and non-overlapping roles in regulating various 
physiological processes such as growth in air, growth recovery after the removal of 
ethylene, ethylene stimulated nutational bending and germination under salt stress 
(Binder et al. 2004; Binder et al. 2006; Cho and Yoo 2007; Hall and Bleecker 2003; Qu 
and Schaller 2004). In particular: all five isoforms have overlapping roles in the control of 
growth in air and growth inhibition upon addition of ethylene; the receiver domain 
containing receptors (ETR1, ETR2 and EIN4) control growth recovery after removal of 
ethylene via a His kinase-dependent mechanism, indicating non-overlapping roles among 
the five receptor isoforms; the full length ETR1 receptor is sufficient and necessary for 
ethylene stimulated nutations via a His kinase-independent mechanism, whereas, the 
other four receptors have a contrasting role, where they inhibit this trait. In addition, recent 
studies indicate that the receiver domain containing receptors ETR1, EIN4 and ETR2 
have a contrasting role on seed germination under salt stress involving the phytohormone 
abscisic acid (ABA), where ETR1, EIN4 inhibit and ETR2 promotes seed germination. 
Loss-of-function etr1-6 mutants germinate better and etr2-3 loss-of-function mutants 
germinate worse than the wild-type seeds in response to salt stress and ABA (Wilson et 
al., 2014b).  All these data regarding the overlapping and non-overlapping functions of 
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ethylene receptors, indicate that the receiver domains of the receptors might play a key 
role in regulating these phenotypes (Figure I-3) (Binder et al. 2004, 2006, 2007, 2012, 
Kim et al 2011. Wilson et al. 2014a; Wilson et al. 2014b).  
 
Higher-Order Receptor Clustering 
It is likely that ethylene receptor function is, in part, controlled by proteins that physically 
interact with the receptor. In addition, functional divergence of the receptors almost 
certainly involves receptors with non-overlapping protein interaction partners (Shakeel et 
al. 2013b). In the following section, I will summarize what is known about ethylene 
receptor-protein interactions. Interacting partners include other proteins in the signaling 
pathway such as other receptor isoforms, CTR1, and EIN2, proteins that modify receptor 
function such as RTE1, and proteins from other hormone signaling pathways such as 
response regulators (ARRs) and histidine kinases (AHKs). 
 
Complex multimeric assembly of receptors for peptide hormones, growth factors, 
chemoattractants and neurotransmitters are often found in bacteria. These receptor 
assemblies regulate the location, duration, sensitivity and specificity of a signal 
transduction pathway (Thomason et al. 2002). One of the best characterized examples 
of a chemotactic bacteria is Escherichia coli, where the two-component receptors are 
found to exist as homodimers, which can further associate among themselves to form 
higher-order signaling complexes (Hazelbauer et al. 2008). Higher-order clusters are 
thought to function where the binding of a ligand to one receptor dimer leads to the 
changes in activity of adjacent, unbound receptors in the cluster. Due to this propagation   
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This model depicts the diverged outputs of ETR1 receiver domain. The ETR1, ETR2 and 
EIN4 receptors form homodimers with each monomer containing an ethylene binding, 
GAF, kinase and receiver domain. Growth recovery after the removal of ethylene is 
stimulated by phosphotransfer to all three receptors, whereas, germination on salt is only 
controlled by phosphotransfer to the receiver domain of ETR1, which acts to inhibit 
germination. Ethylene stimulated nutations function via a phosphotransfer independent 
mechanism and requires the full-length ETR1 (from Bakshi et al. 2015b). 
 
  
Figure I- 3 Models of Signaling Output from the Receptors for Functional 
Divergence. 
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of change from mono- to multimeric receptors, bacteria can detect and respond from 
extremely low to a high range in concentration of attractants (Bray et al. 1998).  
 
As mentioned before, the plant ethylene receptors have homology to the bacterial two-
component systems, where a similar model of higher-order receptor clustering has been 
suggested for the functioning of ethylene receptor family in plants (Gao et al., 2008, Xie 
et al., 2006; Gao and Schaller, 2009; Liu et al., 2010; Chen et al., 2010; Gamble et al., 
2002). Previous studies on receptor clustering had suggested that the higher-order 
signaling complexes and trans-activation of ethylene receptors promote signal 
amplification at the receptor level leading to the ability of plants to respond to ethylene at 
concentrations as low as 0.2 nL/L (Binder et al., 2004a), which is at least 300-fold below 
the Kd for ethylene binding to the receptors (Schaller and Bleecker, 1995; Binder et al., 
2003, O’Malley et al., 2005). Even if the ethylene concentration is low, the receptor 
occupancy can be amplified, leading to a large change in total receptor output and 
signaling events (Binder and Bleecker 2003). Additionally, studies on a truncated 
ethylene-insensitive mutant etr1-1 lacking the signal output cytosolic domain revealed 
that the mutant receptors still confer dominant ethylene insensitivity, presumably due to 
the propagation of the change in its signaling activity to the neighboring wild-type 
receptors. (Gao et al., 2008; Xie et al., 2006; Gamble et al., 2002). It is predicted that the 
ethylene receptors can non-covalently interact with each other via the GAF or receiver 
domains, since truncated receptors lacking the GAF domain were not able to dimerize 
when expressed in yeast (Xie et al., 2006; Gao et al., 2008). Dimerization of the receptors 
results in higher-order complexes leading to the ability of one receptor to alter the 
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signaling state of the neighboring receptors. At present, the exact role and output of the 
higher-order receptor clustering in ethylene signaling is still an open question and needs 
to be explored in-depth to understand the biological implication of these multimeric 
complexes.  
 
Receptor-Protein Interactions 
In addition to forming clusters, various studies show that ethylene receptors physically 
interact with other components of the signaling pathway, in particular, CTR1 and EIN2 
(Alonso et al. 2003; Chang et al. 1993). In-order to transmit the perceived signal to the 
downstream signaling components, the ethylene receptors need to interact with an array 
of effector molecules through non-covalent, physical interactions. Structural predictions 
suggest that the cytosolic domain of the ethylene receptors specially the GAF and 
receiver domains play an important role as a docking site for the downstream interacting 
partners. The following sections will give an overview of the receptor-protein interactions 
identified from different studies over the last 25 years. 
 
CONSTITUTIVE TRIPLE RESPONSE 1 (CTR1)  
CTR1 functions downstream of the receptor. Sucrose density-gradient centrifugation 
experiments showed that CTR1, although being a cytosolic protein, was found to be 
primarily associated with the ER, similar to the cellular localization of the ethylene 
receptors. CTR1 is predicted to be a cytosolic protein raising the question of how it is 
associating with ER membranes. Various experiments including using receptor loss-of-
function mutants have demonstrated that CTR1 associates with the ethylene receptors. 
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A variety of approaches have demonstrated that the histidine kinase and receiver 
domains of ethylene receptors directly bind to the N-terminal regulatory domain of CTR1 
to form a stable receptor-protein complex in vitro by binding experiments and in planta by 
co-purification analysis using Arabidopsis extracts (Cancel and Larsen 2002; Clark et al. 
1998; Gao et al. 2003; Zhong et al. 2008). The levels of membrane-associated CTR1 
increase with ethylene or ACC treatments but it is unclear if this is a change in affinity or 
a result of higher levels of CTR1 protein. The levels of CTR1 associated with ER 
membranes decreases as more receptor isoforms are removed (Gao et al., 2003).  
 
Epistatic studies demonstrate that the ethylene receptors exist just upstream of CTR1 in 
the signaling cascade (Kieber et al., 1993). Specific mutations in either ETR1 or CTR1 
that disrupt the interaction between CTR1 and ethylene receptors also lead to non-
functional CTR1, which further suggests that the CTR1-ethylene receptor interaction is 
required for switching “off” the ethylene responses (Gao et al. 2003; Huang et al. 2003). 
The kinase activity of CTR1 is necessary to inhibit ethylene responses, as observed in 
the kinase activity lacking CTR1 mutants, resulting in constitutive ethylene-response 
phenotypes (Kieber et al., 1993). The regulation of the kinase activity of CTR1 by the 
ethylene receptors is still poorly understood but predictions are either conformational 
changes, brought about by the binding of ethylene to the receptors, transduced to the 
bound CTR1 or through secondary protein kinases associated with this receptor-CTR1 
complex (Zhong et al. 2008). However, ETR1 histidine kinase activity does not seem to 
be involved in this regulation (Gao et al., 2003). Even though the ethylene receptors and 
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CTR1 physically interact, the role of these interactions in the regulation of CTR1 kinase 
activity is still not well understood. 
 
ETHYLENE INSENSITIVE 2 (EIN2)  
EIN2 plays a critical role in the elicitation of ethylene responses by bridging the unknown 
gap between the ethylene receptors embedded on the ER membrane and the ethylene 
responses generated in the nucleus. Genetic studies had shown that it acts at or 
downstream of CTR1. Recent studies report that EIN2 interacts with all the members of 
the ethylene receptor family. The interaction of EIN2 with the ethylene receptors requires 
the kinase domain of the receptors and the stability of this complex is regulated by the 
phosphorylation levels of EIN2 (Bisson et al. 2009). Inhibition of auto-phosphorylation or 
kinase deficiency of ETR1 leads to increased affinity of the receptors for the C-terminal, 
cytosolic portion of EIN2. By contrast, mutations mimicking constitutive 
autophosphorylation of ETR1 results in release of the C-terminal end of EIN2 from the 
receptors (Qiao et al. 2009). The function of receptor-EIN2 interactions is unknown.  
 
REVERSION TO ETHYLENE SENSITIVITY 1 (RTE1),  
The ethylene receptors function as negative regulators of the ethylene signal transduction 
pathway, where they repress ethylene responses in absence of ethylene and the role of 
ethylene is to inhibit this repression. The interaction of RTE1 is specific to ETR1 and it 
has little or no effect on the other four Arabidopsis ethylene receptors (Resnick et al., 
2006; Resnick et al., 2008; (Deslauriers et al. 2015). In connection to this function, RTE1, 
a protein conserved in plants, animals and metazoans, has been reported to promote the 
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ability of ETR1 in repressing ethylene responses (Resnick et al., 2006). In addition to 
Arabidopsis RTE1, an ortholog of RTE1 is found in other plants such as the GREEN RIPE 
protein in tomato (Barry and Giovannoni 2006; Barry et al. 2005). The biochemical or 
molecular functions of RTE1 protein has not been studied extensively in other organisms 
and the only information regarding its functional aspects comes from the ethylene 
signaling studies in plants.  
 
Recent in vitro and in vivo studies demonstrated that RTE1 physically interacts with ETR1 
(Dong et al., 2008; Dong et al., 2010). The ETR1 N-terminal signaling is promoted by the 
high affinity association of RTE1-ETR1 and may be negatively regulated by the carboxy 
terminus of ETR1 (Qiu et al., 2012). Expression of truncated ETR1 lacking the histidine 
kinase and receiver domains was found to partially reverse the constitutive triple response 
phenotype of ctr1 mutants. This piece of information along with other genetic studies 
indicate that ETR1 and RTE1 may also trigger a CTR1-independent signaling pathway, 
diverged from the traditional, canonical ethylene signaling cascade (Kieber et al., 1993; 
Larsen and Chang, 2001; Binder et al., 2006; Qiu et al., 2012). This diverged signaling 
pathway can also be linked to the subcellular localization of RTE1, which is found to be 
co-localized within the ER and golgi apparatus along with ETR1 in Arabidopsis (Dong et 
al., 2008). The spatial positioning of RTE1 might suggest that there is a novel signaling 
pathway within the ER lumen, mediated by the N-terminal domain of ETR1 and RTE1 
and possibly involving other unknown key components required for signal outputs. This 
hypothesis raises the possibility of having two signal outputs for ETR1 to both ER lumen 
and cytosol using its amino- and carboxy-terminals respectively. In support of this 
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hypothesis, a recent study had shown that RTE1 interacts with the ER-localized 
cytochrome b5 (Cb5) isoform D and promoted ETR1-mediated repression of ethylene 
responses in Arabidopsis (Chang et al., 2014).  
 
Cytochrome b5 is a small hemoprotein that acts as an electron transporter in various 
cellular redox reactions. One possibility is that cytochrome b5 can activate RTE1 through 
redox modifications and thus affect the functions of ETR1 ethylene receptor isoform. This 
could be linked to ETR1-mediated H2O2-induced stomatal closure in Arabidopsis stomatal 
guard cells (Desikan et al., 2005), indicating a novel ETR1 signal transduction pathway 
using reactive oxygen species and not ethylene as the stimulatory signal. 
 
Other Interaction Partners of Ethylene Receptors  
Apart from the above-mentioned interacting partners of the ethylene receptors, there is 
additional evidence for other candidate proteins that physically associate with the 
receptors. These include the histidine containing phosphotransfer proteins and response 
regulator proteins (Scharein and Groth 2011; Scharein et al. 2008; Urao et al. 2000), 
which are part of the signaling pathway for cytokinin. Other studies have shown that 
Arabidopsis and tomato ethylene receptors interact with tetratricopeptide repeat proteins 
(Lin et al. 2008; Lin et al. 2009). This class of proteins is not well studied in plants, but are 
predicted to associate with G-protein-mediated signaling pathways. Little is known about 
the functional implications of these interacting proteins, but they may be involved in 
mediating sub-functionalization among the ethylene receptor family in Arabidopsis.  
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Seed Germination and Abiotic Stress 
Chapter 3 and part of chapter 2 focus on the roles of ETR1 and ETR2 in seed germination. 
Therefore, an overview of this process is given here. 
 
Seed germination is an important developmental stage in plants that ensures the survival 
of the species. Arabidopsis seeds contain an embryo, which is composed of two 
cotyledons (embryonic leaves) and a radicle (embryonic root), which emerges from the 
micropylar endosperm (Figure I-4A). The mature embryo is covered by a single layer of 
endosperm and surrounded by an outer layer of testa or seed coat. Seed germination 
initiates with the process of imbibition (uptake of water), followed by the testa or seed coat 
rupture. This mediates the emergence of the radicle with the rupture of the micropylar 
endosperm (Figure I-4B) (Bentsink and Koornneef 2008; Weitbrecht et al. 2011). In this 
context, plant hormones play a very important role in seed germination and dormancy 
and thereby, regulating plant growth and development and combatting against the 
environmental stress responses. Among various phytohormones, abscisic acid (ABA) 
inhibits endosperm rupture but not testa rupture and also stabilizes the dormant state of 
the seeds (Garciarrubio et al. 1997b). Ethylene and gibberellic acid (GA) antagonize the 
ABA-induced inhibitory effect on seed germination (Zhu 2016). The current findings from 
the Binder lab on seed germination have indicated that the two ethylene receptors ETR1 
and ETR2 have a contrasting role on seed germination under salt stress (Wilson et al. 
2014b). These contrasting roles appear to be independent of ethylene biosynthesis or 
sensitivity and likely involves changes in the ABA responsiveness. A major focus of this 
dissertation is to understand how these receptors affect ABA.  
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(A) Morphology of a mature seed of Arabidopsis thaliana. (B) Two-step germination 
events in Arabidopsis involving testa (seed coat) and endosperm rupture. Abscisic acid 
(ABA) inhibits endosperm rupture but not seed coat rupture of after-ripened seeds. The 
image is modified from (Weitbrecht et al. 2011). 
 
  
Figure I- 4 Working Model for Arabidopsis thaliana Seed Germination 
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Abscisic Acid Signal Transduction Pathway  
Because a major focus of chapter 3 of this thesis is to identify the crosstalk between 
abscisic acid (ABA) and ethylene signaling, the following section will cover important 
details about the ABA signaling pathway. 
 
ABA regulates several agronomically important aspects of plant growth and development 
such as promotion of seed dormancy and inhibition of germination, synthesis of seed 
storage protein and lipids, modulation of the architecture of roots, stomatal regulation and 
more importantly mediates abiotic stress responses and tolerance in plants. ABA 
accumulates under most of the abiotic stress conditions involving osmotic stress. The 
biosynthetic and signal transduction pathways for ABA have been well studied and many 
details are known. 
 
In the ABA signal transduction pathway, the core components include a family of 
pyrabactin resistance/pyrabactin resistance-like/regulatory component of ABA receptors 
(PYR/PYL/RCAR), a family of nine group A specific protein phosphatases (PP2Cs) and 
sucrose non-fermenting 1 (SNF1) –related protein kinase 2s (SnRK2s) (Nakashima and 
Yamaguchi-Shinozaki 2013). In 2009, two independent research groups made a 
remarkable discovery of an ABA receptor (Ma et al. 2009; Park et al. 2009). They 
identified the Arabidopsis PYR1/PYL/RCAR family of ABA receptors. This gene family 
contains 14 members, which encode highly conserved small proteins. Many of them 
(PYR1, PYL1, and PYL2) have been shown to bind ABA directly. Upon binding to ABA, 
these receptors can interact, bind and inhibit the activity of the group A protein 
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phosphatases (PP2Cs). Nine members of the group A PP2Cs have been reported to be 
involved in ABA signal transduction pathway. Of these, six of them have been 
characterized as negative regulators of ABA signaling. They include ABA INSENSTIVE1 
(ABI1), ABI2, ABA-HYPERSENSITIVE GERMINATION1 (AHG1), AHG3, HOMOLOGY 
TO ABI1 (HAB1), HAB2, which dephosphorylate and inhibit the SnRKs (Hirayama and 
Shinozaki 2007; Schweighofer et al. 2004; Ng et al. 2014; Saez et al. 2004a). The 
remaining three include HIGHLY ABA-INDUCED1 (HAI1), HAI2, and HAI3 have been 
shown to function as positive regulators of this pathway.  
 
The PP2Cs and the downstream SnRKs play a significant role in the transmission of ABA 
signals within the cell. In presence of ABA, the PYR/PYL/RCAR receptors form a complex 
with the PP2Cs and, the inactivation of the downstream SnRKs is released. The SnRK2 
family encodes for plant specific serine/threonine kinases, which play a central role in 
cellular responses in response to different abiotic stresses involving ABA (Bucholc et al. 
2011). They have been divided into three subgroups based on their affinity towards ABA. 
Subgroup I kinases do not respond to ABA, subgroup II weakly responds and subgroup 
III strongly responds to ABA. In subgroup III, ten SnRK2 members i.e. SnRK2.1-
SnRK2.10 have been found in Arabidopsis. Of these, SnRK2.2, SnRK2.3 and SnRK2.6 
are known as the primary regulators of ABA (Fujita et al. 2009a). When these SnRKs are 
activated by autophosphorylation, they phosphorylate downstream substrate proteins 
which include different transcription factors such as ABA-related gene network proteins 
AREBs (ABA-responsive element binding proteins)/ABFs (ABRE binding factors), which 
include ABF1, ABF2, ABF3, and ABI5 (Fujita et al. 2005; Fujita et al. 2011; Furihata et al. 
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2006), and several ion channels such as the SLOW ANION CHANNEL-ASSOCIATED1 
(SLAC1) and SLAC1-HOMOLOG3 (SLAH3). This results in the elicitation of ABA 
responses. On the other hand, in absence of ABA, the negative regulators PP2Cs are 
activated and they bind to and dephosphorylate the SnRKs, which result in no 
phosphorylation of the downstream substrates. Thus, no signal transduction is induced 
(Figure I-5).  
 
Abscisic acid has been found to crosstalk with other plant hormone signaling pathways 
such as auxin, cytokinin, jasmonic acid pathways including ethylene signaling to regulate 
many aspects of plant growth and development (Arc et al. 2013; Finkelstein et al. 2002; 
Nakashima and Yamaguchi-Shinozaki 2013; Sah et al. 2016; Zhu 2016). Two master 
regulators of ethylene signaling, CTR1 and EIN2 alter ABA signaling during germination 
of seeds. ctr1 mutants are less sensitive to ABA or salt than wild-type seeds, whereas, 
ethylene-insensitive ein2 mutants are more sensitive to ABA or salt compared to wild-
type seeds. 
 
Aims of the dissertation 
Based on prior results, there were two specific questions addressed in this dissertation to 
understand the mechanisms for overlapping and non-overlapping roles of the receptors. 
These are: 
1. What is the role of the receiver domain of ETR1 to control growth in air, 
growth recovery after removal of ethylene, ethylene stimulated nutations, 
and germination under stress conditions? 
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Figure I- 5 Abscisic acid (ABA) Signal Transduction Pathway  
 
(A) Simplified linear genetic model of ABA signaling. (B) Biochemical Model of ABA 
signaling. ABA signaling in seeds involve three core components: PYRABACTIN 
RESISTANCE/PYRABACTIN-LIKE (PYR/PYLs) ABA receptors, negative regulators 
PROTEIN PHOSPHATASE 2Cs (PP2Cs) and positive regulators SNF1-RELATED 
PROTEIN KINASE 2s (SnRK2s). Upon ABA binding to the receptors, PYR/PYLs interact 
and inhibit the activity of PP2Cs that negatively regulate ABA signaling through repression 
of SnRK2s, the positive regulators of downstream targets. On activation of SnRK2s, it 
phosphorylates and activate downstream transcription factors including transcription 
factors (ABI5, ABFs and AREBs) and ion channels, thereby inducing ABA responses. In 
absence of ABA, PP2Cs dephosphorylate and deactivate SnRK2s, and hence no signal 
transduction and elicitation of ABA responses. 
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2. What is the mechanism for the contrasting roles of ETR1 and ETR2 in 
mediating ABA inhibition of seed germination? 
 
Chapter two focuses on the first question. Data from this chapter  has been published in 
the Special Focus Issue on Ethylene in Plant Physiology in 2015 (Bakshi et al. 2015b) 
and in two other co-authored papers in Plant Physiology, 2014 and Frontiers in Plant 
Science, 2014 (Wilson et al. 2014a; Wilson et al. 2014b). Chapter three explores the 
importance of receptor-protein interactions and identifies the putative interacting partners 
of ETR1 and ETR2 that may underlie their contrasting roles in the control of seed 
germination under inhibitory conditions and this paper is currently under review in Plant 
Physiology.  
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Chapter II: Identification of the Regions in the 
Receiver Domain of ETR1 Critical for Functional 
Divergence 
	
Most of the research presented in this chapter was published in Plant Physiology under 
the title “Identification of Regions in the Receiver Domain of the ETHYLENE RESPONSE 
1 Ethylene Receptor of Arabidopsis Important for Functional Divergence”(Bakshi et al. 
2015b). A section of this chapter was also published in Plant Physiology under the title 
“The Ethylene Receptors ETHYLENE RESPONSE1 and ETHYLENE RESPONSE2 Have 
Contrasting Roles in Seed Germination of Arabidopsis during Salt Stress” (Figure II-5) 
(Wilson et al. 2014b) and in Frontiers in Plant Science under the title “Loss of the ETR1 
Ethylene Receptor Reduces the Inhibitory Effect of Far-Red Light and Darkness on Seed 
Germination of Arabidopsis thaliana” (Figure II-10) (Wilson et al. 2014a).  
 
Introduction 
Ethylene is an unsaturated, gaseous phytohormone that regulates several developmental 
and physiological processes in higher plants such as seed germination, senescence, 
abscission, fruit ripening, responses to various abiotic and biotic stresses and growth 
regulation (Abeles et al. 1992; Mattoo and Suttle 1991). In plants, responses to ethylene 
are mediated by a family of ER localized ethylene receptors called ETR1, ERS1 
(subfamily I) and ETR2, ERS2 and, EIN4 (subfamily II) (Chen et al. 2002a; Bisson et al. 
2009; Chang et al. 1993; Gao and Schaller 2009; Grefen et al. 2007; Hua and Meyerowitz 
1998; Hua et al. 1998; Sakai et al. 1998). The receptors have been classified based on 
phylogenetic analysis and structural similarities. All of them are predicted to consist of an 
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N-terminal alpha helical transmembrane ethylene-binding domain, which also includes a 
copper cofactor for mediating the binding of ethylene (Rodriguez et al. 1999; Schaller and 
Bleecker 1995; Schaller et al. 1995). In addition, subfamily 2 contains an additional 
transmembrane signal sequence at the N terminus. The transmembrane domain is 
followed by a cytosolic portion of the receptor consisting of a GAF domain (predicted to 
function in receptor-protein interactions), and a kinase domain. The subfamily 1 shows 
histidine kinase activity in vitro whereas subfamily 2 contains degenerate kinase domains 
and show serine/threonine kinase activity in vitro (Gamble et al. 1998b; Moussatche and 
Klee 2004). Out of the five receptor isoforms, ERS1 shows both histidine and 
serine/threonine kinase activities in vitro. Out of the five-receptor isoforms, three of them 
(ETR1, ETR2 and EIN4) has a receiver domain, which contain the conserved aspartic 
acid residue required for the phosphorelay function (Shakeel et al. 2013a; Binder et al. 
2012).  
 
The use of high resolution, automated, time-lapse imaging of dark-grown Arabidopsis 
seedlings, coupled with genetic, molecular and bio-chemical analyses to study ethylene 
signaling has emerged as a powerful technique to unravel novel aspects about the 
ethylene receptors as well as down-stream signaling, cross-talk and responses (Binder 
2007). Based on previous findings, it is known that all of the five-receptor isoforms in 
Arabidopsis are involved in ethylene signaling and have overlapping and non-overlapping 
roles in regulating various physiological processes such as growth in air, growth recovery 
after the removal of ethylene, nutational bending and germination under salt stress 
(Binder et al. 2004; Binder et al. 2006a; Cho and Yoo 2007; Hall and Bleecker 2003; Qu 
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and Schaller 2004; Kim et al. 2011b; Wilson et al. 2014a; Wilson et al. 2014b). The five-
receptor isoforms are not entirely redundant in their roles and in some cases, uniqueness 
has been found in controlling a trait. The output of the receptors remains an enigma. 
Below is a summary of the previous studies using this approach to uncover unique roles 
of each receptor isoform. 
 
Overlapping Roles of the Receptors in the Regulation of Growth in Air 
 Previous studies have shown that all five isoforms have overlapping roles in the control 
of growth in air and growth inhibition upon addition of ethylene. Loss of function 
etr1;etr2;ein4 triple mutants grew slowly in air and transformation of this triple mutant with 
any of the five receptor isoforms rescued the growth in air phenotype indicating the 
overlapping roles of the receptors (Binder et al. 2004).  
 
Regulation of Growth Recovery after Removal of Ethylene by a Different Subset of 
Receptors 
Differences have been observed in the ability of the receptors to mediate the recovery of 
the growth following growth inhibition due to ethylene. Loss of function (LOF) mutants 
lacking all the three receptors having receiver domain (ETR1, ETR2 and EIN4) have 
delayed growth recovery after removal of ethylene, whereas, ers1 and ers2 loss of 
function mutants (either singly or together) have unaltered growth recovery (Binder et al. 
2004). It was further found that the receiver domain containing receptor isoforms ETR1, 
ETR2 and EIN4 control the normal growth recovery after the removal of ethylene via an 
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ETR1 His kinase-dependent mechanism and phosphotransfer through any of the receptor 
receiver domains (Kim et al. 2011a). 
 
Unique Non-Overlapping Role of Ethylene Receptors in Nutational Bending 
“Nutation”, a term coined by Darwin and Darwin (1880), defines the oscillatory bending or 
nodding movement executed by certain plant organs like stem, leaves, root etc. (Darwin 
and Darwin 1880). These oscillatory movements are caused due to radially asymmetric 
growth rate. Mutational analysis showed that full length ETR1 is necessary and sufficient 
for ethylene stimulated nutational bending of dark grown Arabidopsis hypocotyls via a His 
kinase-independent mechanism and specifically require the receiver domain of ETR1. By 
contrast, the other four receptors have a contrasting role, where they inhibit this trait. This 
data was the first demonstration of a contrasting role for an ethylene receptor (Binder 
et al. 2006b). A chimeric study was conducted on ETR1-EIN4 receptors which indicated 
that the EIN4 receiver domain cannot substitute for the ETR1 receiver domain in the 
control of ethylene stimulated nutations (Kim et al. 2011b). 
 
Contrasting Role of Ethylene Receptors on Seed Germination under Salt Stress 
Salt stress has long been identified to affect germination of seeds (Darwin, 1857). In 
Arabidopsis, ethylene signaling promotes seed germination under salt stress (Wang et al. 
2007a). Previous observations revealed that the levels of ETR1 in seedlings are affected 
due to salt and osmotic stresses. Prior findings from our lab found that ETR1 and EIN4 
inhibit and ETR2 promotes seed germination. This was based on the observations that 
loss-of-function etr1-6 and ein4-4 mutants germinate better and etr2-3 loss-of-function 
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mutants germinate worse than wild-type during salt stress and in darkness. Interestingly, 
it was found that the phytohormone abscisic acid (ABA) phenocopied the salt germination 
pattern and the loss-of-function etr1-6 mutants are less-sensitive and etr2-3 loss-of-
function mutants are more sensitive to ABA. On the other hand, ERS1 and ERS2 are not 
involved in this trait (Wilson et al. 2014b).  
 
This evidence on the overlapping and non-overlapping functions of ethylene receptors 
are not explained by the current ethylene signaling models and strongly suggest that the 
receiver domain of ETR1 might play a key role in regulating some of these phenotypes. 
For this reason, the focus of this chapter is to determine the unique roles of the receiver 
domain of ETR1 to control four specific traits: growth rate in air, growth recovery after 
removal of ethylene, ethylene stimulated nutational bending and germination under salt 
stress and ABA. The choice of this receiver domain containing ethylene receptor (ETR1) 
for the further study is not only due to its diverse role in regulating the specific 
physiological processes in Arabidopsis but also due to the added benefit of the available 
crystal structure of ETR1 receiver domain, providing additional structural information, 
which helped in designing the experiments (Müller-Dieckmann et al. 1999). 
 
Results 
Identification of the Amino Acid Residues in ETR1 Receiver Domain Important for 
Mutagenesis 
To better understand the structure-function relationship of ETR1 receiver domain to 
regulate the above-mentioned traits, we carried out site-directed mutagenesis on the 
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receiver domain of full-length ETR1 genomic DNA based on the information gathered 
from the multiple sequence alignment and homology modeling studies on ETR1, ETR2 
and EIN4 receiver domains from Arabidopsis. This project was initially started by a 
previous post-doc Dr. Heejung Kim and previous graduate student Dr. Rebecca Wilson, 
but I took over the project when I joined the Binder lab in May 2013. 
 
From the amino acid sequence alignment studies on the receiver domains of ETR1, ETR2 
and EIN4, more than sixty amino acid residues are non-conserved between ETR1 and 
the other two receptors. These could potentially underlie the unique functions of ETR1. 
The homology modeling studies performed by a previous Masters student from our lab, 
Sai Keerthana Wuppalapati, on the ETR2 and EIN4 receiver domains using the crystal 
structure of ETR1 receiver domain as the template, suggest that ETR1, ETR2 and EIN4 
differ in several loops, where the tertiary structure may be diverged. The crystal structure 
information about the receiver domain was used as a basis to narrow down the number 
of amino acids to be mutated for this study (Müller-Dieckmann et al. 1999). One important 
region in the receiver domains is the γ loop that consists of six amino acids just beyond 
the conserved Asp residue (Asp659) required for the phosphorelay function. From the 
homology modeling studies, the orientation of γ-loop of ETR1 was found to be more 
diverged to ETR2 than to EIN4. The divergence between ETR1 and ETR2 in the γ-loop 
can be a potential explanation behind the contrasting roles of these receptors on seed 
germination under salt stress and ABA. Several of the amino acids in the γ loop of ETR1 
are diverged (Gly664, Val665, Glu666, Asn667) (Müller-Dieckmann et al. 1999) and the 
γ loop of ETR1 is in a different orientation from the γ loop of other bacterial receiver 
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domains. The crystal structure of ETR1 receiver domain also suggests that the conserved 
Asp659 is surrounded by three other amino acids that are highly conserved in other 
receiver domains to form the active site (Asp616, Glu617, Lys714 in ETR1). The crystal 
structure of ETR1 receiver domain suggests that the receiver domain can dimerize and 
involves ten amino acid residues. Three of them (Gln681, Arg682, Gln684) form hydrogen 
bonds with the identical residues in the second monomer, whereas the other seven 
residues in the C-terminal end of the protein (Glu730-Glu736) extend into a groove 
formed by the other monomeric unit of the receptor homodimer. Four of these (Glu730, 
Leu734, Tyr735, Glu736) form a parallel β-strand with the other monomer. These ten 
amino acids are not conserved between ETR1, ETR2 and EIN4 receiver domains. Hence, 
based on the information from sequence alignment and homology modeling analyses, 
eleven non-conserved residues were targeted in the ETR1 receiver domain for alanine 
scanning mutagenesis to see how they would affect these phenotypes (Figure II-1A and 
B). These mutant transgenes and wild type genomic ETR1 (gETR1) were transformed 
into Arabidopsis etr1-6;etr2-3;ein4-4 triple loss of function mutants using Agrobacteria 
and floral dip method. Two to three transgenic lines were created for each mutant. We 
used reverse transcription (RT)-PCR to confirm the expression of the transcripts in 
different transgenic lines. In general, we chose the line with highest transgene expression 
level for further physiological analyses (Figure II-1C). For some traits, we also examined 
the effect of previously generated and characterized Asp659Ala mutation in ETR1 
receiver domain. This is the putative site for phosphorelay and has been used to study 
some of these traits already (Binder et al., 2004b; Kim et al., 2011).  
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(A) An amino acid sequence alignment of the receiver domains of ETR1, ETR2 and EIN4 
was performed using ClustalW. 11 non-conserved residues (white circles) in the ETR1 
receiver domain were targeted for alanine scanning mutagenesis. Conserved Asp659 
(black circle) has previously been mutated (Binder et al., 2004b). (B) Homology models 
of the ETR2 and EIN4 receiver domains (black) were generated using Molecular 
Operating Environment (MOE.2012) and compared to the crystal structure of ETR1 
(white). Asterisks show regions where the backbone structure of the model diverges from 
the crystal structure of ETR1. (C) RNA expression level for each transgene was analyzed 
using RT-PCR. Transcript levels for β-tubulin in each plant line are shown as a control. 
The transgene transcripts ran as a smaller product than the etr1-6 product as previously 
described (Kim et al 2011).  
Figure II- 1 ETR1 Receiver Domain Amino Acids Targeted for Mutagenesis 
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Role of the Point Mutations in the Receiver Domain of ETR1 for 
Subfunctionalization 
To determine the effect of the point mutations in ETR1 receiver domain important for the 
functional divergence, I studied the ability of these eleven transgenic mutant lines to 
rescue several traits when transformed into the etr1-6;etr2-3;ein4-4 triple loss of function 
mutant background. The reason for choosing this background was that it has diminished 
growth rate in air, recovers very slowly after the removal of ethylene and fails to nutate 
on application of ethylene (Binder et al. 2004; Binder et al. 2006b; Hua and Meyerowitz 
1998; Liu et al. 2010; Qu and Schaller 2004; Wilson et al. 2014b). Thus, it will be 
interesting to figure out how the point mutations affect the rescue of these phenotypes, 
which will further help us to identify the residues important for one or more functions. 
 
Effect of Point Mutations on Growth in Air Phenotype 
 Using high-resolution, time-lapse imaging on dark grown Arabidopsis seedlings, 
functionality of the mutant transgenic lines was determined by determining the rescue of 
growth in air by each ETR1 receiver domain mutant. This trait was chosen because it is 
easy and fast to determine and has the least restrictive receptor requirements. The growth 
rates of etiolated Arabidopsis seedlings in air were obtained using 2-d-old seedlings 
grown on a vertically oriented agar plate in a sealed chamber. Consistent with previous 
results, the growth rate of Columbia (Col) wild type seedlings in air was approximately 
0.34 mm/h whereas the etr1-6; etr2-3; ein4-4 triple mutants grew slowly at a rate of 
approximately 0.14 mm/h (Binder et al. 2004). ETR1-driven expression of the triple 
mutants transformed with a full-length wild type genomic ETR1 (gETR1) rescued the 
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reduced growth rates observed with the triple mutant transgenic line resulting in faster 
growth in air (Figure II-2). Regarding the point mutant transgenic lines, all were at least 
partially functional for this trait. These results indicate that all the constructs produced 
functional protein and the point mutations in the ETR1 receiver domain had no specific 
effect in the regulation of growth.  
 
Effect of Point Mutations on Growth Recovery after Removal of Ethylene 
Next, I examined the effect of the point mutants on the growth recovery trait after the 
removal of ethylene. For this assay, the typical growth kinetic analysis of dark grown 
Arabidopsis hypocotyls of wild type, triple mutants and triple mutants transformed with a 
full-length gETR1 or the point mutant transgenic lines were analyzed using time-lapse 
imaging. Addition of exogenous 10μl/L ethylene caused the biphasic inhibition of the 
hypocotyl growth rate in all the transgenic lines similar to the wild type seedlings (Figure 
II-3). Consistent with our previous findings, the wild type and the triple mutants 
transformed with gETR1 seedlings recovered growth to pretreatment rates after the 
removal of ethylene in approximately 100-120 minutes, whereas, the triple mutants 
showed a very slow growth recovery of approximately 4h (Kim et al. 2011b). All the triple 
mutants transformed with the ETR1 receiver domain point mutants recovered the growth 
after the removal of ethylene in three specific patterns. Some of the point mutants rescued 
the growth faster, some equally well and some had a delayed growth recovery rate 
compared to gETR1 but faster than the triple mutants (Figure II-3A, B and C). The results 
from the growth rate in air and rescue of the growth after the removal of ethylene indicate 
that the mutant receptor transgenes were functional for at least one of the traits.   
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Triple etr1-6; etr2-3; ein4-4 mutants were transformed with the selected ETR1 receiver 
domain mutants. All constructs were under the promoter control of ETR1. For 
comparison, data from wild type, triple mutants, and triple mutants transformed with 
gETR1 seedlings are included. The growth rates in air of triple mutants transformed with 
the ETR1 receiver domain point mutants are shown. Basal growth rate in air was 
determined from the first hour of growth kinetic measurements prior to the introduction of 
ethylene. Data represents average growth rate in air ± SEM. Statistically significant 
rescue caused by a transgene compared to the triple mutants is shown with an asterisk 
(P< 0.05, Student’s t test *).	 	
	
Figure II- 2 Effect of ETR1 Receiver Domain Point Mutants on Growth Rate in Air 
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Growth kinetic profiles of etiolated Arabidopsis hypocotyls of wild type, triple mutants and 
triple mutants transformed with a full length gETR1 and the triple mutants transformed 
with the ETR1 receiver domain point mutants are plotted. Seedlings grown in dark were 
treated for 1h in air, followed by 2h in 10μl/L ethylene (down arrow) and finally ethylene 
was removed from the system and grown in air for an additional 5h (up arrow). Growth 
rates were normalized to the growth rate during the air pretreatment and the data 
represents the average ± SEM. Mutants in panel A recovered faster, mutants in Panel B 
comparable and mutants in panel C slower than triple mutants transformed with gETR1.	  
	
	
	
A 
B 
C 
Figure II- 3 Effect of ETR1 Receiver Domain Point Mutants on Growth Recovery 
after Removal of Ethylene 
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Effect of Point Mutations on Ethylene-Stimulated Nutational Bending 
In general, the point mutant transgenic lines were less effective in rescuing ethylene 
stimulated nutational bending of dark grown Arabidopsis seedlings, which again indicates 
the requirement of the receiver domain of ETR1 to control this phenotype. Consistent with 
our earlier studies, wild type seedlings nutated with an average peak amplitude of 
approximately 18° on treatment with 10μl/L ethylene. In comparison, etr1-6; etr2-3; ein4-
4 triple mutants had very small oscillations. The gETR1 transgene rescued nutations with 
an amplitude of approximately 14° on treatment with 10μl/L ethylene, comparable to that 
of the wild type and consistent with a prior paper (Kim et al. 2011b). Out of the eleven 
ETR1 receiver domain mutants transformed into the triple mutant background, eight of 
them were found to at least partially rescue the ethylene stimulated nutational bending. 
The remaining three of them Q684A, E730A and L734A mutants failed to rescue the 
nutational bending (Figure II-4). For this reason, I examined additional lines for each of 
these with the same result. One of the mutations (Q684A) is in a loop region and the other 
two (E730A and L734A) are in the C-terminal tail of ETR1. This data indicates the role of 
C-terminal tail of the ETR1 receiver domain to control ethylene stimulated nutations.  
  
Role of ETR1 Receiver Domain on Seed Germination During Salt Stress  
To further investigate the interrelationship between ETR1 and ETR2 in the control of seed 
germination, I analyzed the seed germination time course of triple loss of function mutants 
in the presence and absence of 150mM NaCl. In presence of 150mM NaCl, the triple loss 
of function mutants germinated faster than the wild type seeds, with a time for 50% seed   
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Nutational bending in response to 10μl/L ethylene were measured in etr1-6;etr2-3;ein4-4 
triple mutants transformed with the selected ETR1 receiver domain mutants were 
measured and peak amplitudes were calculated. The average peak nutation amplitude ± 
SEM is plotted. Statistically significant rescue caused by a transgene compared to the 
triple mutants is presented with an asterisk (P< 0.05, Student’s t test *).   
Figure II- 4 Effect of ETR1 Receiver Domain Point Mutants on Nutational Bending 
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germination of 2.4 ± 0.1 d, whereas in the absence of 150mM NaCl, the germination time 
courses of both the lines were comparable. To determine the role of ETR1 receiver 
domain in the inhibition of seed germination under NaCl stress, the time course of 
germination was examined for triple loss of function mutants transformed with a 
complementary DNA (cDNA) construct for either full length ETR1 (cETR1) or a truncated 
ETR1 transgene lacking the receiver domain (cetr1-ΔR) in the absence or presence of 
150mM NaCl. From the germination time course, it was found that 150mM NaCl delayed 
the germination of wild type and wild type transgene (cETR1) seeds to a comparable rate. 
Interestingly, under salt stress, the triple mutants transformed with the truncated ETR1 
lacking the receiver domain (cetr1-ΔR) germinated faster than the wild type seeds and 
were comparable to the rate of germination of the triple mutant seeds. These data indicate 
that the ETR1 requires its receiver domain to inhibit seed germination in the presence of 
150mM NaCl stress (Figure II-5) (Wilson et al. 2014b). As the germination under the salt 
stress was altered significantly by the loss of the receiver domain (cetr1-ΔR), we were 
interested to investigate the roles of the individual point mutations in the ETR1 receiver 
domain to control seed germination under salt stress. 
 
Role of the ETR1 Receiver Domain Point Mutations on Seed Germination under Salt 
Stress 
To further test the effect of the individual ETR1 receiver domain point mutants, I examined 
their seed germination time courses in absence and presence of salt stress. In the 
absence of NaCl, most seed lines germinated with a time course indistinguishable from   
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Germination time courses of etr1-6;etr2-3;ein4-4 triple mutants and triple mutants 
transformed with full-length ETR1 (cETR1) or a truncated transgene lacking the receiver 
domain (cetr1-ΔR) in the absence and presence of 150mM NaCl were examined. The 
percentage of seeds that germinated, was determined every 12h. All germination 
experiments were performed in triplicate. The average percentage of seed germination± 
SD at each time point is plotted for each seed line.   
Figure II- 5 Role of ETR1 Receiver Domain on Seed Germination Under Salt Stress 
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wild type seeds, with some of the transformants (C661A, V665A, E666A, and Q681A) 
germinated slightly slower than the wild type seeds. Consistent with our previous results 
with 150 mM NaCl, diminished germination was observed in wild type and gETR1 
transgenic line with approximately 78% germination at the end of 7d., whereas the triple 
mutants germinated 100% by 3.5d. In contrast, 150 mM NaCl had a differential effect on 
the germination of the ETR1 receiver domain mutants. Three distinct pattern of 
germination time courses were observed (Figure II-6 B-D). Some of the mutant transgenic 
lines germinated better than the wild type, some comparable and the rest of them 
germinated worse than the wild type seeds. These three patterns were seen in multiple 
transgenic lines for each mutant. Interestingly, two of the mutant transgenic lines, V665A 
and E666A mutation resulted in a more functional, hyperactive ETR1 for this trait, 
resulting in reduced germination compared to gETR1 seeds; these point mutants resulted 
in seeds that failed to reach 50% germination within the 7d time span of the experiment 
(Figure II-7). These two mutations causing the slowest germination are both located in 
the γ loop of ETR1 receiver domain. On the other hand, two mutant transgenes (D659A 
and C661A) resulted in faster germination time course on salt, with a 50% seed 
germination over 30% faster than the gETR1 transformants. The D659A transgene affects 
the conserved aspartic acid residue responsible for phosphorelay function in ETR1 
(Binder et al. 2004; Kim et al. 2011b), based on homology to the bacterial two component 
systems, whereas C661A affects a cysteine residue that hydrogen bonds with Asp659. 
Surprisingly, both the residues are situated just prior to the γ loop. Thus, from salt stress 
germination profiles, it became evident that the γ loop and phosphotransfer through the 
receiver domain may play a critical role to control seed germination under NaCl stress.  
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Germination time courses of etr1-6;etr2-3;ein4-4 triple mutants, triple mutants 
transformed with full-length gETR1 and wild type seeds are shown for comparison. 
Germination profile over 7-day time span for the receiver domain point mutant transgenes 
are shown in the absence (A) and presence (B-D) of 150mM NaCl. The percentage of 
seeds that germinated, was determined every 24h. All germination experiments were 
done in triplicate. The average± SD percentage of seed germination at each time is 
plotted for each seed line. 
  
Figure II- 6 Differential Effect of Receiver Domain Point Mutations on Seed 
Germination on Salt 
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The time for 50% germination on 150 mM NaCl stress was calculated for each seed line 
from the data in figure II-6. NR denotes that 50% germination was not reached in the 7d 
time-frame of the experiment. aStatistically different from the wild-type seeds under the 
same conditions (P < 0.05). bMutant transgene different from gETR1 under the same 
condition. Salt caused a significant increase (P < 0.05) in the time for 50% seed 
germination for all seed lines. All transformants had statistically reduced germination on 
salt (P < 0.05) than the etr1-6;etr2-3;ein4-4 triple mutant seeds. All P values were 
calculated using Student’s t test.  
  
Figure II- 7 Time for 50% of Point Mutant Seeds to Germinate in the Presence of 
NaCl 
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Role of the EIN4 Receiver Domain on Seed Germination under Salt Stress 
Previously, cDNAs encoding chimeric ETR1-EIN4 receptors were generated to examine 
the role of each domain in controlling various physiological traits. One of the chimeric 
receptor constructs was a chimeric ETR1-EIN4 receptor transgene containing the 
receiver domain of EIN4 (1114) transformed into the triple loss of function mutant. These 
previous experiments showed that the EIN4 receiver domain can substitute to support 
growth in air and normal growth recovery after ethylene removal, but does not substitute 
for the ETR1 receiver domain to support ethylene-stimulated nutational bending (Kim et 
al. 2011b). This suggests that the ETR1 receiver domain is unique and required to 
regulate some but not all the traits. To understand the effect of EIN4 receiver domain in 
place of ETR1 receiver domain for regulating seed germination under salt stress, the 
germination time courses of triple mutants transformed with the 1114 transgene were 
examined. For comparison, wild type, triple mutants and, triple mutants transformed with 
either cETR1 or cetr1-ΔR were also studied (Figure II-8). In absence of 150mM NaCl, all 
the seed lines had a similar germination profile and they reached 50% seed germination 
by approximately 1.3d (Figure II-9). Consistent with prior results, the ETR1 receiver 
domain lacking transgene was found to be non-functional with faster germination than the 
wild type or the cETR1 transgene under salt stress, similar to the germination time course 
of the triple mutant seeds. Similarly, the 1114 transgene did not influence the seed 
germination profile under salt stress, indicating that the EIN4 receiver domain cannot 
substitute for the ETR1 receiver domain to inhibit seed germination under salt stress and 
specifically requires the ETR1 receiver domain for controlling this trait.   
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Germination time courses of etr1-6;etr2-3;ein4-4 triple mutants and triple mutants 
transformed with cDNAs encoding for full-length ETR1 (cETR1), a truncated transgene 
lacking the receiver domain (cetr1-ΔR) and a chimeric ETR1-EIN4 receptor transgene 
containing the receiver domain of EIN4 (1114) in the absence and presence of 150mM 
NaCl were examined. The percentage of seeds that germinated, was determined every 
12h. All germination experiments were performed in triplicate. The average percentage 
of seed germination± SD at each time point is plotted for each seed line. 
 
  
Figure II- 8 Effect of EIN4 Receiver Domain on Seed Germination on Salt Stress 
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The time for 50% germination on 150 mM NaCl stress was calculated for each seed line 
from the data in figure II-8. aStatistically different from the wild-type seeds under the same 
conditions (P < 0.05). bMutant transgene different from cETR1 under the same condition. 
cStatistically slower germination from the triple mutant seeds caused by the transgene. 
Salt caused a significant increase (P < 0.05) in the time for 50% seed germination for all 
seed lines. All P values were calculated using Student’s t test. 
  
Figure II- 9 Time for 50% of Chimeric Receptor Seeds to Germinate in the 
Presence of NaCl 
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Role of the ETR1 Receiver Domain on Seed Germination under Far-Red Light 
Earlier in this chapter, it was shown that the receiver domain of ETR1 is required for its 
inhibitory role on seed germination during NaCl stress, where we observed that the etr1-
6;etr2-3;ein4-4 triple mutants germinated faster than wild-type seeds under NaCl stress; 
the cETR1 transgene caused germination to be slower and comparable to wild-type, 
whereas the cetr1-ΔR transgene failed to delay germination (Figure II-5) (Wilson et al. 
2014b). Both the constructs were under the control of ETR1 promoter and had been 
shown to be expressed and functional. Apart from salt stress, light intensity and quality 
can also affect Arabidopsis seed germination and the phytochromes (phy) family of 
red/far-red photoreversible receptors play a key role in controlling this trait (Shinomura et 
al. 1994; Shinomura et al. 1996b). From a previous study (Wilson et al. 2014b), it was 
found that ETR1 functions oppositely to ETR2 to influence seed germination under far-
red light treatment. Therefore, we were interested to determine the role of the ETR1 
receiver domain in regulating seed germination under far-red light treatment. Under these 
conditions, wild type seeds fail to reach 50% germination. We therefore examined the 
extent of germination rather than germination time courses. The triple mutants germinated 
to 100% within 7d after illumination with far-red light (Figure II-10) (Wilson et al. 2014a). 
In contrast, both the cETR1 and cetr1-ΔR transgenes germinated similar to the wild type 
after far-red light illumination, indicating that the receiver domain is not required to 
regulate this trait. Interestingly, all the seed lines reached at least to 98% germination 
after they were transferred to white light conditions for 7 days (data not shown). This data 
suggests that the effect of ETR1 and specifically the requirement of its receiver domain 
to control seed germination varies under different inhibitory conditions.  
 
	
62 
 
 
 
 
 
 
 
 
 
 
The percentage of seed germination 7 days after far-red light illumination for wild type, 
etr1-6;etr2-3;ein4-4 triple mutants and triple mutants transformed with cDNAs encoding 
for either full-length ETR1 (cETR1) or a truncated transgene lacking the receiver domain 
(cetr1-ΔR) was examined. aStatistically different from the wild-type seeds germinated 
under the same condition (P < 0.05). bSignificant rescue of germination by the transgene. 
All P values were calculated using Student’s t test. 
 
  
Figure II- 10 Effect of ETR1 Receiver Domain on Seed Germination After Far-Red 
Light Treatment 
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Role of ABA in Mediating the Differential Effect of ETR1 Receiver Domain Point 
Mutants on Seed Germination 
The hormone ABA is an inhibitor of germination and accumulates in plants under salt 
stress (Garciarrubio et al. 1997b; Jakab et al. 2005). Previously, it was shown that ABA 
has a major role in mediating the effects of ETR1 and ETR2 on seed germination, where 
1µM ABA phenocopied the effects of NaCl and etr1-6 seeds are less responsive to ABA, 
whereas, etr2-3 seeds are more responsive to ABA as compared to the wild type seeds 
(Wilson et al. 2014b). Previously, we had shown that ETR1 requires its receiver domain 
to inhibit seed germination under salt stress with differential effect seen for different point 
mutations in the receiver domain. We therefore wished to determine the effect of ABA on 
the seed germination of selected receiver domain point mutants. Comparable to the 
germination time courses under salt stress, the triple mutants germinated faster than the 
wild type seeds under 1µM ABA treatment, indicating that they are less responsive to this 
hormone. We also examined whether ABA is also involved in those altered germination. 
Hence, we studied the seed germination time courses of the gETR1, D659A, V665A and, 
E666A transformants in response to 1µM ABA (Figure II-11, II-12). In solvent control 
conditions, germination time courses were similar to conditions in the absence of solvent 
with a slight increase for the E666A transformant (Figure II-12). Consistent to the salt 
germination results, the gETR1 transgene rescued the seed germination to be 
comparable to the wild type seeds in response to ABA.  
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Germination time courses of etr1-6;etr2-3;ein4-4 triple mutants and triple mutants 
transformed with genomic DNAs encoding for full-length ETR1 (gETR1) and, mutant etr1 
transgenes containing D659A, V665A and, E666A point mutations in the absence and 
presence of 1µM ABA were examined. The percentage of seeds that germinated, was 
determined every 12h. All germination experiments were performed in triplicate. The 
average percentage of seed germination± SD at each time point is plotted for each seed 
line. 
  
Figure II- 11 Effect of ABA on Seed Germination of ETR1 Receiver Domain Point 
Mutants 
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The time for 50% germination on 1µM ABA was calculated for each seed line from the 
data in figure II-11. NR denotes that 50% germination was not reached in the 7d time-
frame of the experiment. aStatistically different from the wild-type seeds under the same 
conditions (P < 0.05). bMutant transgene different from gETR1 under the same conditions. 
cStatistically slower germination from the triple mutant seeds caused by the transgene. 
ABA caused a significant increase (P < 0.05) in the time for 50% seed germination for all 
seed lines. All P values were calculated using Student’s t test. 
  
Figure II- 12 Time for 50% of Selected ETR1 Receiver Domain Point Mutant Seeds 
to Germinate in Response to 1µM ABA 
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Similarly, D659A seeds germinated faster, whereas V665A and, E666A seeds 
germinated slower in response to ABA compared to gETR1 seeds (Figure II-11). This is 
similar to the germination profiles on salt (Figure II-6, II-7). These data indicate that ABA 
phenocopies the effect of NaCl on the seed lines studied, suggesting that these receiver 
point mutants differ in their responsiveness to ABA, resulting in altered germination of 
seeds.  
 
To further examine these altered responses to ABA, I examined the effect of increasing 
concentrations of the ABA biosynthesis inhibitor norflurazon on seed germination of wild 
type, triple mutants and, triple mutants transformed with gETR1, D659A, V665A and, 
E666A transformants in the presence of 150mM NaCl stress. Prior results showed that 1 
μM norflurazon improved germination time-course and time to 50% germination of etr2-3 
and to a lesser extent wild-type seeds. Higher concentrations of 10 and 100 μM 
norflurazon improved the germination of all three seeds lines and almost eliminated the 
differences in germination of etr1-6 and etr2-3 seeds exposed to salt stress (Wilson et al. 
2014b). Similar to prior results, solvent control seedlings had similar germination time 
courses during NaCl stress as observed earlier in the absence of solvent. Application of 
higher concentrations of 10 and 100 μM norflurazon improved the germination of all the 
seeds lines and reduced the time to reach 50% seed germination (Figure II-13, II-14). 100 
μM norflurazon almost eliminated the differences in seed germination of all the seed lines 
examined, suggesting that the effect of the point mutations in the ETR1 receiver domain 
on seed germination during salt stress appear to be mostly due to ABA.  
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Germination time courses of wild type, etr1-6;etr2-3;ein4-4 triple mutants and triple 
mutants transformed with genomic DNAs encoding for full-length ETR1 (gETR1) and, 
mutant etr1 transgenes containing D659A, V665A and, E666A point mutations in the 
absence and presence of 10 and 100µM norflurazon during NaCl stress were examined. 
The percentage of seeds that germinated, was determined every 12h. All germination 
experiments were performed in triplicate. The average percentage of seed germination± 
SD at each time point is plotted for each seed line. 
 
  
Figure II- 13 Effect of Increasing Concentrations of Norflurazon on Germination of 
ETR1 Receiver Domain Point Mutant Seeds Under Salt Stress 
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The time for 50% germination on 10 and 100 µM norflurazon was calculated for each 
seed line from the data in figure II-13. NR denotes that 50% germination was not reached 
in the 7d time-frame of the experiment. aStatistically different from the wild-type seeds 
under the same conditions (P < 0.05). bMutant transgene different from gETR1 under the 
same conditions. Application of 10 and 100 µM norflurazon caused a significant decrease 
(P < 0.05) in the time for 50% seed germination for all seed lines. All P values were 
calculated using Student’s t test. 
 
  
Figure II- 14 Time for 50% of Selected ETR1 Receiver Domain Point Mutant Seeds 
to Germinate in Response to Norflurazon 
 
	
69 
To further explore the link between ABA and seed germination, I used quantitative real-
time reverse transcriptase (qRT)-PCR to examine the transcript abundance of two ABA-
responsive genes in response to ABA treatment. For this, I analyzed CRUCIFERIN1 
(CRA1) encoding for a seed storage protein and RESPONSIVE TO ABA18 (RAB18) 
encoding for a dehydrin protein (Gliwicka et al., 2012, (Lang and Palva 1992). For this, 
seeds were germinated for 2d in the presence or absence of 1μM ABA and mRNA was 
extracted from the seed lines tested. Data were normalized to the levels of At3g12210 in 
each seed line to determine the relative transcript levels for each gene. The transcript 
abundance of both the genes was increased in the wild type seeds in response to 2d 1µM 
ABA treatment (P < 0.05). Correlating with the germination results in response to ABA, 
the transcript abundance of both the genes were found to be differentially altered in the 
ETR1 receiver domain point mutant seeds. The triple mutants were less responsive to 
ABA than seen with either wild type or gETR1 seeds, D659A transformants had little or 
no response, whereas E666A seeds had larger responses to ABA, correlated with the 
germination time courses on both salt and ABA (Figure II-15). Similarly, correlating to the 
germination time courses in response to 100μM norflurazon under NaCl stress, 
norflurazon reversed the effects that salt treatment had on the transcript abundance levels 
of CRA1 and RAB18 in wild type and triple loss of function mutant seeds (Figure II-16). 
This data suggest that the receiver point mutations alter the responsiveness to ABA which 
in turn affect seed germination.   
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The transcript abundance of CRA1 and RAB18 were measured using quantitative real-
time (RT)-PCR. The seed lines tested were germinated for 2d in the presence or absence 
of 1 μM ABA and mRNA extracted from them. Data were normalized to the levels of 
At3g12210 in each seed line to calculate the relative transcript level for each gene. The 
average ± SEM for two biological replicates with three technical replicates each is shown. 
These were then normalized to levels of the transcript in untreated wild-type seeds. For 
both panels, 0.01% (v/v) ethanol was used as a solvent control. The letter a indicates 
statistically increased transcript levels in response to ABA (P < 0.05) and letter b indicates 
statistical difference from wild type seeds in the same condition (P < 0.05). All P values 
were calculated using Student’s t test.  
Figure II- 15 Effect of ABA on Transcript Levels of ABA Responsive Genes During 
Receiver Domain Point Mutant Seed Germination 
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The transcript abundance of CRA1 and RAB18 were measured using quantitative real-
time (RT)-PCR. The seed lines tested were germinated for 2d in the presence or absence 
of 150mM NaCl (A) and on 150mM NaCl in presence or absence of 100 μM norflurazon 
(B) and mRNA was extracted from them. Data were normalized to the levels of At3g12210 
in each seed line to calculate the relative transcript level for each gene. The average ± 
SEM for two biological replicates with three technical replicates each is shown. These 
were then normalized to levels of the transcript in untreated wild-type seeds. Salt caused 
a statistically significant (P < 0.05) increase in transcript levels of both genes. The triple 
mutant had statistically significant (P < 0.05) lower levels of each gene transcript 
compared to wild-type in both the presence and absence of salt. Norflurazon caused a 
significant decrease (P < 0.05) in CRA1 transcript levels in both wild-type and triple 
mutant seeds and in the RAB18 transcript levels in wild-type seeds. All P values were 
calculated using Student’s t test (P < 0.05).  
Figure II- 16 Effect of NaCl and Norflurazon on Changes in the Transcript Levels 
of CRA1 and RAB18  
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Discussion 
All five ethylene receptors are involved in ethylene signaling and have become 
subfunctionalized showing both overlapping and non-overlapping functions (Shakeel et 
al. 2013b). Previous studies indicated that the receiver domain containing receptor 
isoforms ETR1, ETR2 and EIN4 play a key role in regulating several physiological 
functions such as normal growth recovery after the removal of ethylene, ethylene 
stimulated nutational bending and germination under salt stress (Binder et al. 2004; 
Binder et al. 2006b; Kim et al. 2011b; Wilson et al. 2014a; Wilson et al. 2014b). Out of 
these three receptors, ETR1 has a prominent role and specifically requires its receiver 
domain to control normal growth recovery and ethylene stimulated nutational bending 
(Kim et al. 2011b) but does not require it to mediate the inhibitory effects of silver ions 
(Bakshi et al. 2015b). Thus, the ETR1 receiver domain has several functions that are not 
entirely redundant in regulating these traits. Therefore, in this study, I focused on the 
ETR1 receiver domain and examined the effect of twelve ETR1 receiver domain point 
mutations in regulating various functions such as growth in air, growth recovery after 
removal of ethylene, ethylene stimulated nutational bending and germination under salt 
stress (Table II-1).  
 
We found that these traits are affected differentially by the ETR1 receiver domain point 
mutants. Two of the traits, growth rate in air and growth recovery after removal of 
ethylene, were mostly unaffected by these mutations, indicating that these transgenic 
lines were all functional or partially functional for these two traits. In contrast, ethylene 
stimulated nutational bending was affected by all the mutations with most of them only 
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Table II- 1 Summary of traits rescued by ETR1 transformants 
aRescue for each mutant transgene was scored relative to the rescue obtained with the 
gETR1 transgene. bResults of growth in air and nutations were scored as follows: more 
than 70% rescue, +++; 50% to 70% rescue, ++; 30% to 50% rescue, +; and no rescue, -
. cResults for growth recovery were scored as follows: recovery time was faster, ++++; 
recovery time was comparable, +++; recovery time was slightly slower, ++; and recovery 
time was very slow and only slightly faster than the etr1-6;etr2-3;ein4-4 mutants, +. 
dResults for the time for 50% germination on salt were scored as follows: more than 65% 
slower, +++++; 20% to 65% slower, ++++; comparable, +++; 15% to 35% faster, ++; and 
more than 35% faster, +. eBinder et al. 2004b; fKim et al. 2011. 
 
 
etr1-6;etr2-
3;ein4-4 
Transformed 
with: 
Growth in 
Airb 
Growth 
Recovery after 
Ethylene 
Removalc 
Ethylene-
Stimulated 
Nutational 
Bendingb 
Germination 
Rate During 
Salt Stressd 
gETR1 +++ +++ +++ +++ 
E617A +++ +++ + +++ 
N618A +++ ++++ + +++ 
D659A +++e +e +++f + 
C661A +++ ++ + + 
V665A ++ ++ + +++++ 
E666A ++ +++ + +++++ 
N667A +++ +++ + ++ 
Q681A ++ ++++ + ++++ 
R682A ++ ++ + +++ 
Q684A ++ ++++ - ++ 
E730A ++ ++++ - ++ 
L734A ++ ++++ - ++ 
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poorly rescuing this trait and three failing to rescue this trait. This indicates the importance 
of the entire receiver domain for the regulation of this phenotype. The three mutations 
that failed to rescue nutational bending were Gln684Ala, Asp730Ala and Leu734Ala yet 
these mutants rescued other traits. This suggests that these three sites are required for 
a functional ETR1 protein in the control of ethylene stimulated nutations, but not for the 
other traits tested. The structural information from the crystal structure of ETR1 receiver 
domain suggests that these amino acids may play an important role in the homo-
dimerization of the two monomers of ETR1 receiver domain. The greater part of the dimer 
interface of the ETR1 receiver domain involves the entire C-terminus, which is being 
formed by the seven residues (E730 to E736). Two out of these three residues, E730 and 
L734 form the C terminal α helix 5 of the ETR1 receiver domain which protrudes into a 
shallow groove of the adjacent monomer unit (Müller-Dieckmann et al. 1999). Based on 
the results from this study, it is not very clear that how the receiver domain interactions 
between the monomers promote nutational bending but suggests that they can play a 
significant role in stimulating the nutational bending and might also be involved in 
receptor-protein interactions to control other traits.  
 
Previous results indicate that ethylene plays a fundamental role in seed germination and 
is involved in salt stress in Arabidopsis (Mattoo and Suttle 1991). Prior published results 
from our lab showed that the receiver domain containing ethylene receptor isoforms ETR1 
and ETR2 have an opposite role on seed germination under salt stress (Wilson et al. 
2014b). In the current study, it was found that the ETR1 receiver domain is required for 
ETR1 to inhibit seed germination on salt. Several mutations at or near the γ loop of the 
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receiver domain alter seed germination under salt stress (Table II-1). Some of the 
mutations (V665A, E666A) are making ETR1 hyperfunctional, whereas, some of them 
(D659A, C661A) confer hypofunctionality to ETR1 to control seed germination on salt, but 
not for other traits. The differential response of these mutations on seed germination on 
salt was previously found to not correlate with changes in ethylene biosynthesis or 
perception, but caused by contrasting roles in the control of sensitivity to ABA (Wilson et 
al. 2014b). But it is still unclear whether ABA sensitivity or biosynthesis is affected. All 
these examples of ETR1 subfunctionalization require the receiver domain of ETR1 where 
different surfaces are involved in regulation of these traits and all the point mutant 
transformants are at least functional for one of the traits studied in this chapter. 
 
Ethylene receptors have homology to the bacterial two-component receptors. These two-
component receptors can form higher order clusters with adjacent receptors and requires 
the kinase and response regulator domain for interactions with downstream signaling 
partners (Bray et al. 1998). In the case of ETR1 and ETR2, the cytosolic tail is an ideal 
docking site for interacting protein partners. Although the exact receptor-protein 
interactions mediated by the cytosolic tail of ETR1 and ETR2 is still not completely 
explored, prior research revealed some of the interacting partners of ethylene receptors 
such as CTR1, EIN2, His-containing phosphotransfer proteins, response regulator 
proteins and the other ethylene receptors (Bisson et al. 2009; Bisson and Groth 2010; 
Cancel and Larsen 2002; Clark et al. 1998; Gao et al. 2003; Gao et al. 2008; Scharein et 
al. 2008; Urao et al. 2000; Zhong et al. 2008). Hence, it will be very interesting to 
investigate the different interacting partners of ETR1 and ETR2, which may explain the 
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underlying mechanisms for their contrasting roles on seed germination. Future work 
involving genetic, structural, biochemical and molecular analyses can provide better 
insights into the putative downstream signaling components as well as crosstalk with 
other hormonal signal transduction pathways, which might contribute to the multiple 
outputs from the ETR1 ethylene receptor via its receiver domain. 
 
Materials and Methods 
Chemicals 
The plant hormone abscisic acid (ABA) was obtained from ACROS Organics (Belgium). 
Norflurazon (NF), an inhibitor of ABA biosynthesis, was obtained from Fluka 
(Switzerland).  
 
Plants 
The etr1-6;etr2-3;ein4-4 triple mutants and triple mutants transformed with cETR1, 
gETR1, cetr1-ΔR, 1114 and, D659A plants used in this chapter were described previously 
(Hall and Bleecker, 2003; Wang et al, 2003; Binder et al, 2004b; Kim et al., 2011). The 
mutants are in the Columbia (Col) background of Arabidopsis thaliana, which was used 
as a wild type control. Details about the cloning of the point mutations in the receiver 
domain of gETR1 was explained in Wilson et al 2015. All of the transgene constructs 
created were transformed into Agrobacterium tumefaciens strain GV3101 pMP90 and 
then transformed into etr1-6;etr2-3;ein4-4 Arabidopsis plants using the floral dip method 
(Clough and Bent,1998). For each transgenic line, we generated two to three 
homozygous lines. RNA was extracted from 10 or more seedlings using the RNA Plant 
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Extraction Kit (Qiagen), DNA was cleaned using the Turbo DNase Kit (Ambion), and PCR 
amplification was carried out using the One-Step RT-PCR Kit (Qiagen) and primers were 
described previously (Kim et al., 2011). The resultant amplification products were run on 
a 1.5% (w/v) agarose gel and detected with UV illumination. Transcript levels of ß-tubulin 
were analyzed as a control using primers described previously (Gao et al., 2008). 
 
High-Resolution Time-Lapse Imaging and Analysis of Growth Rate and Ethylene 
Stimulated Nutational Bending Angles in Dark Grown Arabidopsis Hypocotyls 
Arabidopsis seeds were surface sterilized with 70% (v/v) alcohol for 30 s, placed on a 
sterile filter paper to dry, and then placed on agar plates containing 0.8% (w/v) agar and 
one-half-strength Murashige and Skoog basal salt mixture (Murashige and Skoog, 1962), 
pH 5.7, fortified with vitamins and with no added sugar. Seeds were treated for at least 
2d at 4°C, treated with light for 2 to 4 h under continuous fluorescent white light, and then 
grown for next 2d on vertically orientated plates in darkness for time-lapse imaging 
experiments. Time-lapse imaging of dark-grown Arabidopsis hypocotyls was carried out 
using methods previously described with Marlin CCD cameras (Allied Vision Technology) 
and infrared lighting (Binder et al., 2004a, 2004b, 2006; Kim et al., 2011). For growth 
kinetics measurements, images were taken every 5 minutes. To measure growth 
response kinetics, seedlings were grown in air for 1h followed by treatment for 2h with 10 
µL/L ethylene to examine growth inhibition kinetics. This was followed by a 5h treatment 
with air to examine growth recovery kinetics. The growth rate of each seedling was 
analyzed using custom software (Parks and Spalding, 1999; Folta and Spalding, 2001) 
and normalized to the growth rate in air prior to application of ethylene. Growth rate in air 
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was quantified from the first hour of measurements before ethylene was added. To 
measure nutational bending, dark grown Arabidopsis seedlings were initially grown in air 
for 1h and then treated with 10 µL/L ethylene for 23h and images were acquired every 15 
minutes. The angles of each hypocotyl were measured manually and nutation amplitude 
was determined as previously described (Binder et al., 2006). All experiments under all 
conditions were repeated in at least three separate experiments. 
 
Seed Germination Assays 
Seed germination experiments were examined according to the methods as previously 
described in Wilson et al (2014a, 2014b). To reduce biological variation, each experiment 
used a batch of age matched seeds between 250 and 300 μm in size from plants that 
were grown together in long day conditions as previously described (Hensel et al., 1993). 
The seeds were collected on the same day. Prior to use, the seeds were kept in desiccator 
for at least three weeks to allow after-ripening at room temperature and were then 
mechanically sorted by size using sieves (Elwell et al., 2011). The seeds were surface 
sterilized in 70% ethanol (v/v) for 30 seconds and allowed to dry on filter paper prior to 
imbibition on 0.8% (w/v) agar plates containing half-strength Murashige and Skoog (MS) 
basal medium with Gamborg’s vitamins (Sigma, St. Louis, MO) at pH 5.7 with no added 
sugar either in presence or absence of 150mM NaCl. Additionally, ABA and norflurazon 
were prepared as 1000x stocks in ethanol, filter sterilized and added to the media at the 
indicated concentrations after autoclaving (the solvent control plates contained 0.1% 
ethanol). Minimum of twenty seeds of one genotype were placed on the agar plates in 
two rows of ten seeds with 5 mm space between the seeds. The plates were sealed with 
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micropore surgical tape (3M, St. Paul, MN) to allow for gas exchange and prevent the 
accumulation of ethylene while also preventing water loss (Buer et al., 2003). The seeds 
were not stratified for seed germination experiments. Instead, the plates were placed 
directly into an environmentally controlled chamber and grown vertically at 20-21 °C in 
long-day photoperiod conditions (16h of 12-13 μmol/m2/sec white light and 8h dark). 
Germination was scored as a rupture of the testa (seed coat) and emergence of the 
radicle for a time span of 7d and determined every 12h. 
 
RNA Isolation and qRT-PCR 
Total RNA was isolated from 25 mg seeds imbibed in half strength MS with no added 
sugar and light treated as specified for the indicated times. RNA was isolated according 
to Meng and Feldman (2010), and then the RNA was further purified using the Spectrum 
Plant Total RNA Kit (Sigma, St. Louis, MO). Total RNA was treated with DNase I 
(Invitrogen) and 800 mg of the RNA was used for cDNA synthesis with the ImProm-II 
Reverse Transcription System (Promega) according to the manufacturer’s instructions. 
Each qPCR reaction consisted of 5 μL of SsoFast EvaGreen Supermix (Bio-Rad), 0.5 μL 
each of the forward and reverse primers (10 μM) and 4 μL of cDNA diluted (1:8). The 
qPCR reactions were run on a Bio-Rad iQ5 Real-Time PCR Detection System (Bio-Rad) 
with the following conditions: an initial denaturation step of 95 °C for 1 min followed by 45 
cycles of 15 sec at 95 °C, 30 sec at 58 °C and 10 sec at 72 °C. Transcript data was 
normalized to At3g12210, which was validated as a stably expressed reference gene in 
Arabidopsis seeds by Dekkers et al. (2011), using the method of Livak and Schmittgen 
(2001) for each seed line at each condition to obtain the relative amount of transcript. 
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These levels were then normalized to the levels observed in untreated wild-type seeds. 
The primers used for the analysis of these transcripts have been previously described 
(Fujii et al., 2007; Gliwicka et al., 2012). 
 
Statistics 
Data were analyzed using Student’s t tests and considered statistically different at P < 
0.05.  
 
Accession Numbers 
Arabidopsis Genome Initiative accession numbers for genes studied in this chapter are 
ETR1, At1g66340; EIN4, At3g04580; ETR2, At3g23150; CRA1, At5g44120; and RAB18, 
At5g66400. 
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Chapter III: Determination of the Overlapping and 
Non-Overlapping Interaction Partners of ETR1 
and ETR2 that Control Sensitivity to ABA During 
Seed Germination 
 
The research presented in this chapter has been submitted for review by Plant 
Physiology.  
 
Introduction 
Abiotic stresses such as flooding, drought, high salinity, extreme temperatures, and 
ultraviolet radiation adversely affect plant growth and development and are considered 
as primary threats that reduce crop yield worldwide (Zhu 2016; Kosova et al. 2015). In 
recent times, preventing those crop losses and fulfilling the demands of agricultural 
production to feed the increasing global population have gained unprecedented 
importance. Recent studies suggest that phytohormones may prove to be important 
metabolic engineering targets for producing abiotic stress-tolerant plants. Among various 
phytohormones involved, ethylene and abscisic acid play crucial roles in the regulation of 
several physiological and developmental processes including responses to different 
environmental stress cues in higher plants (Finkelstein et al. 2002; Arc et al. 2013). It is 
very interesting that there are five ethylene receptor isoforms that mediate the responses 
to ethylene in the model plant Arabidopsis thaliana (Abeles et al. 1992; Mattoo and Suttle 
1991). Previous research had shown that these five ethylene receptor isoforms in 
Arabidopsis have both overlapping and non-overlapping roles in regulating diverse 
responses (Shakeel et al. 2013b). Interestingly, ETHYLENE RESPONSE1 (ETR1) and 
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ETR2 have been found to have contrasting roles in the control of at least one trait, seed 
germination under salt stress involving the phytohormone abscisic acid (ABA), where 
loss-of-function etr1-6 mutants germinate better and etr2-3 loss-of-function mutants 
germinate worse than wild-type seeds on salt (Chapter 2, Wilson et al. 2014b). These 
opposite roles seem to be independent of changes in ethylene biosynthesis or sensitivity 
and likely involves altered ABA responsiveness. According to various studies, abiotic 
stress conditions stimulate increased ABA biosynthesis leading to increased ABA signal 
transduction leading to alterations in ABA responsive gene expression and cellular 
responses to stress conditions (Chan 2012a). This in turn regulates different adaptive 
physiological responses including seed development, germination and dormancy. The 
interrelationship between ethylene and ABA signaling to regulate seed germination and 
dormancy under different stress conditions is still not clear. Data from the Binder lab 
(chapter II) suggest that ETR1 and ETR2 may be involved in the regulation of ABA 
signaling or synthesis. Additionally, it has been suggested that the ETR1 and ETR2 
receptors have functions independent of ethylene signaling and might involve a non-
canonical pathway to regulate certain physiological traits (Bakshi et al. 2015b; Binder et 
al. 2006b; Dong et al. 2010; Dong et al. 2008; Qiu et al. 2012; Resnick et al. 2006; Wilson 
et al. 2014a; Wilson et al. 2014b). 
  
In this chapter, I expand on these results by showing that ETR1 and ETR2 have 
contrasting roles in the control of seed germination under a variety of inhibitory conditions 
that involve alterations in ABA signal transduction. The mechanism for this differential 
control is still unclear but can occur independently of the canonical ethylene signaling 
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pathway and potentially involves differences in receptor-protein interactions. To explore 
this, overlapping and non-overlapping interaction partners of ETR1 and ETR2 are 
identified that may explain their contrasting roles in the control of seed germination under 
stress. Thus, a better understanding of the underlying mechanisms required for the 
functional divergence of ETR1 and ETR2 resulting in the tolerance of plants to such stress 
conditions is of greater significance agro- economically. We expect the results obtained 
from this research will provide new insights into signal transduction cross-talk. 
 
Results 
Contrasting Role of ETR1 and ETR2 to Control Seed Germination under Various 
Inhibitory Conditions 
Previous results from the Binder lab showed that ETR1 inhibits and ETR2 promotes seed 
germination under salt stress and ABA (Wilson et al. 2014b). We were keen to know 
whether this contrasting role of ETR1 and ETR2 on seed germination is relevant to other 
inhibitory stress conditions such as by other salt stress (KCl), heavy metals (copper and 
zinc), ethanol, and short-day conditions (Shinomura et al. 1996a; Hirayama et al. 2004; 
Wang et al. 2008). To determine this, we measured the germination time courses for wild 
type and the single loss of function mutants etr1-6, and etr2-3 seeds under both control 
and the following stress conditions: 150mM NaCl, 150mM KCl, 100µM CuSO4, 300µM 
ZnSO4, 100mM ethanol, and short day conditions (8h light:16h dark). For the heavy 
metals CuSO4 and ZnSO4, 100µM Na2SO4 was used as a control for the sulfate ions to 
study its effect on the germination time course. The time to reach 50% germination was 
calculated and presented for each of these stress conditions. Consistent with previous 
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reports, loss-of-function etr1-6 mutant seeds germinated faster and etr2-3 loss-of-function 
mutant seeds germinated worse than the wild-type seeds under 150mM NaCl stress. In 
addition, we saw similar patterns of seed germination time courses in response to other 
stress factors, although the magnitude of inhibition was smaller compared to NaCl (Figure 
III-1, III-2). Short day conditions did not have statistically significant (P<0.05) alteration in 
the time courses for the mutants compared to wild type seed lines, but caused small but 
statistically significant changes in the time to reach 50% seed germination between etr1-
6 and etr2-3 mutant seeds. No measureable effect of Na2SO4. was observed on the seed 
germination suggesting that the delay in germination was due to the heavy metals copper 
and zinc and not sulfate ions. 
 
The hormone ABA is an inhibitor of germination and accumulates in plants under salt 
stress (Garciarrubio et al. 1997a). Previously, we demonstrated that ABA had a major 
role in mediating the effects of ETR1 and ETR2 on seed germination (Wilson et al. 2014b), 
where it phenocopied the effects of NaCl. To further examine the role of ABA in changes 
in germination between etr1-6 and etr2-3 seeds under these various inhibitory conditions, 
we examined the effects of the ABA biosynthesis inhibitor norflurazon (100µM NF) on 
germination under these conditions (Figure III-1). Consistent with previous reports 
(Wilson et al. 2014b), application of norflurazon in germination inhibitory conditions 
accelerated the seed germination of all three seed lines and eliminated or drastically 
reduced the differences in seed germination between the mutants and the wild type 
(Figure III-3). These data once again indicated that the effects of ETR1 and ETR2 on 
seed germination under various stresses appeared to be likely mediated via ABA.   
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Germination time-courses for wild-type, etr1-6, and etr2-3 seeds were conducted as 
described before and the time to reach 50% seed germination was calculated for the three 
seed lines tested. Germination experiments were conducted in the absence or presence 
of 100µM NF to inhibit ABA biosynthesis. Conditions used were: control (using standard 
conditions), 150 mM NaCl, 150 mM KCl, 100 µM CuSO4, 300 µM ZnSO4, 100 µM NaSO4, 
100 mM ethanol, and short days (8h light:16h dark). The percent of seeds that germinated 
was determined every 12h. All experiments were performed in triplicate. Data represents 
the average ± SD. *Statistically different from wild type in that condition and #statistically 
different from untreated seeds of that seed line using two-way ANOVA and applying 
Tukey’s multiple comparison test (P < 0.05). 
  
Figure III-1 Time for 50% of etr1-6, wild type and etr2-3 Seeds to Germinate in 
Response to Different Inhibitory Stress Conditions 
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Germination time courses of wild type, etr1-6 and, etr2-3 single mutants in the absence 
and presence of different stress conditions were examined. The percentage of seeds that 
germinated, was determined every 12h. All germination experiments were performed in 
triplicate. The average percentage of seed germination ± SD at each time point is plotted 
for each seed line.  
Figure III-2 Germination Time Courses of etr1-6, wild type and etr2-3 Seeds in 
Response to Different Inhibitory Stress Conditions 
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Germination time courses of wild type, etr1-6 and, etr2-3 single mutants in the absence 
and presence of 100 µM norflurazon under different stress conditions were examined. 
The percentage of seeds that germinated, was determined every 12h. All germination 
experiments were performed in triplicate. The average percentage of seed germination ± 
SD at each time point is plotted for each seed line. 
  
Figure III-3 Effect of Norflurazon on Germination Time Courses of etr1-6, wild type 
and etr2-3 Seeds in Response to Different Inhibitory Stress Conditions 
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Role of Receiver Domain of ETR1 Required to Inhibit Seed Germination under 
Different Stress Conditions 
In chapter II, it was found that the ETR1 receiver domain was required for ETR1 to show 
its inhibition on seed germination during NaCl stress. In addition, we reported that ETR1 
receiver domain had multiple functions where residues in and near the γ-loop were 
important for germination on salt and abscisic acid signaling, but not for other traits. Some 
of the mutations (Glu666Ala, Val665Ala) behave as hyperfunctional ETR1, resulting in 
reduced germination whereas some of them (D659A, C661A) confer hypofunctionality to 
ETR1 causing enhanced seed germination as compared to wild type seeds under NaCl 
stress, but not for other traits. Hence, we were interested to explore whether or not the 
receiver domain of ETR1 was required to control seed germination under other stress 
conditions. In order to determine this, germination time courses of etr1-6;etr2-3;ein4-4 
triple loss of function mutants, triple mutants transformed with a cDNA encoding for either 
a full-length ETR1 (cETR1) or a truncated transgene lacking the receiver domain (cETR1-
∆R) were studied (Figure III-4, III-5) (Wilson et al. 2014b). Consistent with our prior results, 
we found that 150mM NaCl delayed the seed germination of wild type and mutants 
transformed with the wild type transgene (cETR1). In the presence of 150mM NaCl, the 
triple loss of function mutants germinated faster than the wild type seeds. Interestingly, 
under salt stress, cETR1-∆R germinated faster than the wild type seeds and were 
comparable to the rate of germination of the triple mutant seeds and hence failed to delay 
the germination comparable to the wild type seeds. A similar pattern was observed with 
the above-mentioned stress conditions indicating that ETR1 functions similarly under all 
these conditions, providing evidence that the ETR1 receiver domain is specifically  
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(A) The time for 50% germination under different stress conditions was calculated for 
each seed line tested. NR denotes that 50% germination was not reached in the 7d time-
frame of the experiment. (B) The percentage of seed germination maintained in darkness 
after 7d after sowing was calculated. For both panels, data is the average ± SD. *Denotes 
the etr1-6;etr2-3;ein4-4 triple mutants transformed with the indicated transgene is 
statistically different from the triple mutant and #the transformant is statistically slower 
than triple mutant transformed with full-length ETR1 transgene (P < 0.05). Data were 
analyzed using two-way ANOVA and Tukey’s multiple comparisons test.	
	 	
Figure III-4 Time for 50% of ETR1 Receiver Domain Mutant Seeds to Germinate in 
Response to Different Inhibitory Stress Conditions 
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Germination time courses of etr1-6;etr2-3;ein4-4 triple mutants and triple mutants 
transformed with cETR1, gETR1, cetr1-ΔR, D659A and E666A transgene seeds in the 
absence and presence of different inhibitory conditions were examined. The percentage 
of seeds that germinated, was determined every 12h. All germination experiments were 
performed in triplicate. The average percentage of seed germination ± SD at each time 
point is plotted for each seed line.  
Figure III-5 Germination Time Courses of ETR1 Receiver Domain Mutant Seeds in 
Response to Different Inhibitory Stress Conditions 
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required for ETR1 to mediate the inhibition on seed germination under these inhibitory 
conditions.  
 
Additionally in the prior studies (Bakshi et al. 2015b), we showed that transforming the 
triple mutants with a mutant ETR1 transgene containing an Asp659Ala (D659A) or a 
Glu666Ala (E666A) mutation in the receiver domain resulted in a hypofunctional and a 
hyperfunctional ETR1 respectively in the control of germination under NaCl stress as 
compared to the wild type seed germination. Both transgenes had normal functions for 
the other traits tested (Kim et al. 2011b). Consistent with our expectations, these 
transgenes behaved similarly for the control of germination under all the inhibitory 
conditions, where D659A resulted in a faster germination time course with a time for 50% 
germination over 30% faster than the gETR1 transformants. By contrast, E666A 
transformants germinated slower than the wild type in the conditions tested (Figure III-
4A, III-5). This further indicates that ETR1 had a similar function in the control of seed 
germination under variety of stress conditions that inhibited germination. To further 
determine the role of ABA in these changes in seed germination, I studied the effects of 
the ABA biosynthesis inhibitor norflurazon (100µM NF) on germination under some of 
these inhibitory conditions. Consistent with our predictions, norflurazon accelerated the 
seed germination of all the seed lines and reduced significantly the differences in seed 
germination between the receiver domain point mutants and the wild type in presence of 
the stress conditions (Figure III-6).   
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Germination time courses of wild type, etr1-6;etr2-3;ein4-4 triple mutants and triple 
mutants transformed with cETR1, gETR1, cetr1-ΔR, D659A and E666A transgene seeds 
in the absence and presence of 100 µM norflurazon under different stress conditions were 
examined. The percentage of seeds that germinated, was determined every 12h. All 
germination experiments were performed in triplicate. The average percentage of seed 
germination ± SD at each time point is plotted for each seed line. 
	 	
Figure III-6 Effect of Norflurazon on Germination Time Courses of ETR1 Receiver 
Domain Mutant Seeds in Response to Different Inhibitory Stress Conditions 
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In contrast to the requirement of the receiver domain of ETR1 to inhibit seed germination 
under different stress conditions, it is not required to inhibit germination in darkness 
(chapter 2) (Wilson et al. 2014a). We were therefore curious to examine whether or not 
the D659A or E666A mutants had any effect on germination in darkness. We examined 
the germination of the above seed lines after 7d of sowing and maintained in darkness. 
Consistent to our prior reports, wild type seeds germinated poorly and the triple mutants 
germinated to 100% by 7 days. In contrast, both cETR1, gETR1 and cETR1-∆R 
transgenes rescued the trait to wild type levels. Similarly, both the D659A and E666A 
mutant transformants caused the triple mutants to germinate poorly (Figure III-4B). All the 
seed lines reached to 100% germination within 2.5d of being transferred to long day 
conditions from darkness, indicating that the seeds were viable (data not shown). Thus, 
unlike the above stress conditions, the ETR1 receiver domain is not required for 
germination in darkness. 
 
Role of ETR1 and ETR2 on Altered Sensitivity to ABA to Regulate Seed Germination 
under Various Stress Conditions 
Prior observations showed that etr1-6 seeds were less sensitive, whereas etr2-3 seeds 
were more sensitive to ABA compared to wild type. However, it is not clear whether ETR1 
and ETR2 are also affecting ABA biosynthesis (Wilson et al. 2014b). To decipher between 
these, we examined the effect of 1µM ABA in the presence and absence of 100µM NF 
on seed germination. Consistent with previous findings, ABA delayed the germination of 
etr2-3 seeds the most and the germination of etr1-6 seeds the least. NF had no 
measurable effect on this (Figure III-7A). Similar experiments were conducted with the  
 
	
94 
 
 
 
 
 
 
 
 
(A) Germination time-courses of wild type, etr1-6, and etr2-3 seeds in response to 1 µM 
ABA and 1 µM ABA plus 100 µM NF were conducted and the time to reach 50% seed 
germination was determined as described before. Untreated seeds shown as a control. 
Data represents the average ± SD.  Same letters denote no significant difference using 
ANOVA and applying Tukey’s correction posttest comparisons. (B) The transcript 
abundance of CRA1, RAB18, KIN1, and RD29A were measured using quantitative real-
time RT-PCR as described before. Data were normalized to the levels of At3g12210 in 
each seed line to calculate the relative transcript level for each gene and further 
normalized to the levels of untreated wild type seeds. The average ± SEM for two 
biological replicates with three technical replicates each was shown. These were then 
normalized to levels of the transcript in untreated wild-type seeds. For both panels, 0.01% 
(v/v) ethanol was used as a solvent control. Data were analyzed using two-way ANOVA 
and Tukey’s multiple comparisons test and in each panel the different letters indicate 
significant difference (P < 0.05).  
Figure III-7 Effect of ETR1 and ETR2 on Altered Sensitivity to ABA in Control of 
Seed Germination under Different Stress Conditions 
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triple mutant transformed with ETR1 mutant transgenes and it was found that NF had no 
significant effect on the germination time courses in response to ABA (Figure III-8). 
Together, these data suggest that the receptors are primarily affecting the sensitivity to 
ABA and not ABA biosynthesis.  
 
To further explore the link between ABA and germination, we used qRT-PCR to examine 
the transcript abundance of four ABA-responsive genes in response to ABA treatment. 
For this, we analyzed the transcript levels of four ABA responsive genes namely 
CRUCIFERIN1 (CRA1) encoding for a seed storage protein, RESPONSIVE TO ABA18 
(RAB18) encoding for a dehydrin protein, a stress responsive protein called KIN1, and 
RESPONSIVE TO DESICATION 29A (RD29A) encoding for a leucine zipper transcription 
factor in seeds. The seeds were germinated for 2d in the presence or absence of ABA 
(Pang et al. 1988; Lång and Palva 1992; Moeder et al. 2007; Gliwicka et al. 2012). 
Consistent with our previous results, ABA increased the transcript levels of CRA1 and 
RAB18 in the wild type seeds (Figure III-7B) (Bakshi et al. 2015b). Similarly, ABA also 
caused an increase in the transcript levels of KIN1 and RD29A in wild type seeds. In the 
absence of exogenously applied ABA, loss of either ETR1 or ETR2 had no significant 
effect on the transcript levels of these four genes. Whereas, in presence of 1µM ABA, the 
transcript levels of these genes were elevated in etr2-3 seeds and reduced in etr1-6 seeds 
as compared to the wild type transcript abundance (Figure III-7B). Preliminary RNA 
sequencing data showed similar patterns for the transcript levels of these genes in etr1-
6 and etr2-3 seeds germinated for 2d under salt stress (data not shown). Similar 
expression levels for these genes were also recorded in etr1-6 and etr2-3 seeds treated   
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Germination time-courses of wild type, etr1-6;etr2-3;ein4-4 triple mutants and triple 
mutants transformed with cETR1, gETR1, cetr1-ΔR, D659A and E666A transgene seeds 
in response to 1 µM ABA and 1 µM ABA plus 100 µM NF were conducted and the time 
to reach 50% seed germination was determined as described before. Untreated seeds 
are shown as a control. Data represents the average ± SD.  Same letters denote no 
significant difference using ANOVA and applying Tukey’s correction posttest 
comparisons.  
  
Figure III-8 Effect of ETR1 Receiver Domain Mutants on Altered Sensitivity to ABA 
in Control of Seed Germination under Different Stress Conditions 
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for 2d on salt using qRT-PCR analysis (data not shown). This indicated that ETR1 and 
ETR2 are having opposite and complex effects on responsiveness to ABA to regulate 
seed germination under different stress conditions. 
 
Since ETR1 and ETR2 affect the responsiveness to ABA, the effects of the etr1-6 and 
etr2-3 mutants on the transcript levels of various genes that encode for components of 
the ABA signaling pathway were examined. Previous research had shown that ABA and 
various other factors such as salt, osmotic and, drought stresses affect the transcript 
levels of the core components of the ABA signaling pathway (Chan 2012a). Therefore, 
the transcript abundance of 25 genes that encode for proteins involved in the ABA 
signaling cascade was analyzed using real time qRT-PCR in wild type, etr1-6 and, etr2-3 
seeds treated with 1µM ABA for 2d (Figure III-9).  
 
In the absence of ABA, loss of either ETR1 or ETR2 generally had no effect on the 
transcript levels of most of these genes (Figure III-9). The exceptions were the two ABA 
receptors PYR1 and PYL1 where loss of either ETR1 or ETR2 led to a 3 to 5-fold 
decrease in the transcript abundance of these genes. There were also alterations on the 
transcript levels of HAB2 where etr1-6 seeds had slightly higher levels than etr2-3 and 
wild-type seeds had intermediate levels in the absence of exogenous ABA. In wild-type 
seeds, application of ABA caused an increase in the transcript abundance of most of the 
ABA signaling genes namely PYL7, PYL9, ABI2, AHG3, HAB1, HAB2, HAI2, HAI3, ABF1, 
ABF2, ABF4, ABI5 and SLAC1 and a decrease in PYR1 and PYL1 transcript levels (P < 
0.05) (Figure III-9). In contrast, ABA caused little or no change in the transcript levels of   
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The transcript abundance of genes in germinating seeds encoding for proteins in the ABA 
signal transduction pathway were analyzed with real-time qRT-PCR as described before. 
Data were analyzed using two-way ANOVA and Tukey’s multiple comparisons test and 
in each panel the different letters indicate significant difference (P < 0.05). 
  
Figure III-9 Effect of ETR1 and ETR2 on Altered Transcript Levels of Genes 
Encoding for ABA Signaling Proteins 
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ABI1, AHG1, HAI1, SnRK2.2, SnRK2.3, SnRK2.6, SnRK2.10, ABF3, and SLAH3 in the 
wild type seeds or the changes observed were below the statistical cutoff we used (P > 
0.05). In most cases, ABA caused the slightest rise in transcript levels in etr1-6 mutants 
and the largest increase in etr2-3 mutants as compared to the wild-type seeds having 
intermediate responses (Figure III-9). This pattern of the changes in the transcript levels 
was seen with PYL7, PYL9, HAI1, HAI2, HAI3, SnRK2.2, SnRK2.10, ABF1, ABF2, ABF3, 
ABF4, ABI5, and SLAC1. On the other hand, ABA caused the largest increase in the 
transcript levels of six PP2C gene transcripts encoding the negative regulators of ABA 
signaling including the ABI1, ABI2, AHG1, AHG3, HAB1, and HAB2 in etr1-6 seeds and 
smallest change in etr2-3 seeds (Kuhn et al. 2006; Leonhardt et al. 2004; Nishimura et 
al. 2007; Rubio et al. 2009; Saez et al. 2004b; Yoshida et al. 2006b; Merlot et al. 2001; 
Gosti et al. 1999). The transcript levels of PYR1, PYL1, PYL5, SnRK2.3, SnRK2.6, and 
SLAH3 in the etr1-6 and etr2-3 mutant seeds were least affected by the addition of ABA. 
Together, this information regarding the changes in the transcript abundance of the genes 
encoding for ABA signaling components suggest that ETR1 and ETR2 affect ABA 
sensitivity oppositely by causing altered expression of the genes encoding for key 
components of the ABA signal transduction pathway in response to ABA. 
 
Effect of ABA on the Transcript Levels of ETR1 and ETR2  
Based on previous findings from the Binder lab involving epistasis analysis between the 
receptors, we have a model for the interactions of ETR1, ETR2, and EIN4 in controlling 
ABA sensitivity (Wilson et al. 2014b). In this model, salt stress causes a rise in the 
biosynthesis of ABA, leading to inhibited or reduced seed germination. The role of ETR1 
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and EIN4 is to stimulate ABA signalling, leading to diminished seed germination. On the 
contrary, ETR2 inhibits ETR1 and EIN4 via an unknown mechanism, resulting in less ABA 
signalling and increased germination (Wilson et al. 2014b). The genetic studies suggest 
that ETR1 has the major role compared to EIN4 in this model. Different kinds of stress 
and addition of ABA can result in altered levels of gene expression of the ethylene 
receptors in various plant species (Zhao and Schaller 2004; Mou et al. 2016; Martín-
Rodríguez et al. 2011). We were therefore interested to determine if addition of ABA 
altered the transcript levels of ETR1 and ETR2 during seed germination and whether loss 
of one of the receptors had an influence on ABA-induced alterations in the transcript 
abundance of the other receptor. The transcript abundance of ETR1 and ETR2 was 
analyzed using real time qRT-PCR in wild type, etr1-6 and etr2-3 seeds treated with and 
without ABA for 2 days. When there is no addition of ABA, loss of ETR1 had no significant 
effect on the transcript abundance of ETR2, and similarly, loss of ETR2 had little 
measurable effect on ETR1 transcript levels (Figure III-10). In presence of 1 µM ABA, 
there was an increase in the transcript levels of ETR1 in wild-type seeds. Loss of ETR2 
resulted in a 2-fold ABA-stimulated increase in ETR1 abundance. On the other hand, 
application of ABA caused no measurable change in the levels of ETR2 transcript in wild-
type seeds. However, loss of ETR1 led to an increase in the expression level of ETR2 in 
presence of ABA. These data indicate that output from the ABA signaling pathway is 
altering the transcript abundance of ETR1 and ETR2 gene products, which might underlie 
the differences in regulating seed germination under different stress conditions. 
Additionally, these results indicate that ETR1 and ETR2 are each regulating the response 
of the other receptor to ABA.  
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The transcript levels of ethylene receptors ETR1 and ETR2 were analyzed with real-time 
qRT-PCR as described before in wild type, etr1-6 and etr2-3 seeds. Data were analyzed 
using two-way ANOVA and Tukey’s multiple comparisons test and in each panel the 
different letters indicate significant difference (P < 0.05). 
	  
Figure III-10 Effect of ABA on Altered Transcript Levels of ETR1 and ETR2 
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Non-canonical Signaling of ETR1 and ETR2 Independent of CTR1 and EIN2 to 
Control Seed Germination 
Prior studies showed that ethylene plays an important role by promoting Arabidopsis seed 
germination (Bleecker et al. 1988) and ethylene signaling promotes germination of seeds 
under salt stress. However, previous reports from our lab suggest that the etr1-6 and etr2-
3 single loss of function mutants are likely to be affecting the seed germination phenotype 
independent of ethylene signaling since etr2-3 seeds are more sensitive to application of 
ethylene than wild-type and etr1-6 seeds (Wilson et al. 2014b). This is opposite to what 
is predicted if ethylene is involved. In addition, minimal alterations had been seen in rates 
of ethylene biosynthesis in the mutants compared to wild-type seeds when germinated 
on salt. In the traditional ethylene signal transduction pathway, all canonical receptor 
signaling occurs via CTR1 and EIN2. However, various other studies have indicated that 
the receptors may signal via alternate signaling components in addition to the canonical 
pathway to regulate certain physiological aspects (Qiu et al. 2012; Gamble et al. 1998a; 
Beaudoin et al. 2000; Desikan et al. 2005; Bakshi et al. 2015b; Wilson et al. 2014a; Wilson 
et al. 2014b; Binder et al. 2006a).  
 
To have a better understanding whether ETR1 and ETR2 are controlling this contrasting 
behavior on seed germination via the canonical ethylene signaling pathway or through a 
non-canonical pathway, etr1-6;ctr1-2, etr1-6;ein2-5, etr2-3;ein2-5, and etr2-3;ctr1-2 
double mutants were generated. Prior studies had shown that ctr1 mutants germinate 
better in the presence of salt than wild-type seeds, whereas, ethylene-insensitive ein2 
mutants germinate more poorly compared to wild-type (Wang et al. 2007b; Wang et al. 
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2008; Lin et al. 2012; Alonso et al. 1999). If ETR1 and ETR2 are functioning upstream of 
CTR1 and EIN2 to control seed germination, the prediction is that in the presence of ABA 
the etr1-6;ctr1-2 and etr2-3;ctr1-2 will have seed germination phenotypes like ctr1-2 
single mutants and etr1-6;ein2-5 and etr2-3;ein2-5 double mutants will germinate like 
ein2-5 single mutants. On the other hand, results that differ from this would support a 
non-canonical pathway being involved.  
 
Three independent crosses between etr1-6 and ein2-5 and between etr2-3 and ein2-5 
were generated and one cross between etr1-6 and ctr1-2 and between etr2-3 and ctr1-2 
were generated. Fewer crosses were made containing ctr1-2 due to their low seed yield 
and stunted growth phenotype. All the double mutants were grown to the F4 generation. 
We used PCR to confirm that the double mutants were homozygous for either etr1-6 or 
etr2-3 (Figure III-11A, B). Using the traditional triple response assay, we confirmed that 
dark grown double mutants containing ctr1-2 had a constitutive growth inhibition response 
resulting in short hypocotyls when grown in ethylene-free air (Figure III-11C) as described 
by Kieber et al. (1993). On the other hand, the etr1-6;ein2-5 double mutant crosses had 
no statistically significant response to 1 µL/L ethylene (Figure III-11D), but the etr2-3;ein2-
5 double mutants had a slight, but statistically significant response (P < 0.05) when grown 
in the dark. It is also interesting to note that consistent with prior studies (Cancel and 
Larsen 2002; Hua and Meyerowitz 1998; Alonso et al. 1999), the etr1-6 mutants were 
slightly shorter than wild-type  
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Double etr1-6;ein2-5, etr1-6;ctr1-2, etr2-3;ein2-5, and etr2-3;ctr1-2 mutants were 
generated by crossing. PCR was used to confirm that the double mutants are 
homozygous for the (A) etr1-6 or (B) etr2-3 mutation. In panel A, the primers used result 
in a larger PCR product for etr1-6. In panel B, the ETR2-1w-ETR2-41 primer pair amplifies 
ETR2, whereas, the ETR2-1m-ETR2-41 primer pair amplifies etr2-3. (C, D) Length of 
hypocotyls of seedlings kept in the dark for 3-4 d in the presence or absence of 1 μL/L 
ethylene were calculated. Data represents the average SD of at least 20 seedlings. * 
indicates ethylene caused a statistically significant decrease in length (P < 0.05) as 
determined by Student’s t-test.  
Figure III-11 Genotyping and Phenotyping of Double Mutants Containing ctr1-2 
and ein2-5 
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in air and had a slightly stronger growth inhibition response upon exogenous addition of 
ethylene (Figure III-11D). In the absence of ABA, all seed lines had similar germination 
time-courses and times for 50% germination (Figure III-12A, III-13). In the presence of 
exogenously applied 1 µM ABA, the ctr1-2 seeds germinated faster than wild-type seeds 
with a germination time-course slightly slower than etr1-6 seeds.(Figure III-12B, III-13). 
Interestingly, the etr1-6;ctr1-2 mutants germinated faster than either the etr1-6 or ctr1-2 
single mutants and the etr2-3;ctr1-2 mutants gave a germination time-course intermediate 
between the single mutant parents. According to our predictions, this additive behavior 
between the receptors and CTR1 suggest that the receptors are signaling, at least in part, 
independently of CTR1 to affect seed germination. As expected, the ein2-5 single mutants 
germinated slower than wild-type seeds in the presence of ABA (Figure III-12C, Figure 
III-13). The etr1-6;ein2-5 double mutants had an intermediate phenotype between the 
etr1-6 and ein2-5 single mutants indicating that ETR1 signals independently of EIN2 to 
control this trait. By contrast, the etr2-3;ein2-5 double mutants had germination time-
courses similar to the etr2-3 and ein2-5 single mutants. This data raises a possibility that 
ETR2 might be partially signaling through EIN2 to regulate seed germination. More 
biochemical and molecular studies will help us to better explain this physiological 
regulation. 
 
Identification of Overlapping and Non-Overlapping Interaction Partners of ETR1 
and ETR2 
The mechanism for this differential control of ETR1 and ETR2 on seed germination is still 
unclear but could potentially involve differences in receptor-protein interactions.  
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Germination time courses of wild type, etr1-6, etr2-3, ctr1-2, ein2-5 single mutants and 
double mutants etr1-6;ein2-5, etr1-6;ctr1-2, etr2-3;ein2-5, and etr2-3;ctr1-2 seeds were 
examined in the absence (A) and presence (B, C) of 1µM ABA. The percentage of seeds 
that germinated, was determined every 12h. All germination experiments were performed 
in triplicate. The average percentage of seed germination ± SD at each time point is 
plotted for each seed line. 
 
  
Figure III-12 Effect of Double Mutations containing ctr1 and ein2 on Seed 
Germination Time Courses in Response to ABA 
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The time for 50% germination on 1 µM ABA was calculated for each seed line from the 
data in figure III-12. For comparison, the time for 50% germination of etr1-6, etr2-3, ctr1-
2, ein2-5, and wild-type seeds is shown. Data were analyzed using two-way ANOVA and 
Tukey’s multiple comparisons test (P < 0.05). adenotes statistically different from etr1-6 
parent; bdenotes statistically different from ctr1-2 parent; cdenotes statistically different 
from etr2-3 parent; ddenotes statistically different from ein2-5 parent. 
  
Figure III-13 Time for 50% Seed Germination of Double Mutants containing ctr1 
and ein2 in Response to ABA 
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To explore the importance of receptor-protein interactions we conducted a yeast two-
hybrid screen using the cytosolic domains of ETR1 and ETR2 against a root library. For 
ETR1 this included expressing amino acids 127 through 738 (ETR1(127-738)) and for 
ETR2 amino acids 157 through 776 (ETR2(157-776)) which included the GAF, kinase, 
and receiver domain of each but eliminated the N-terminal portion containing the 
transmembrane α-helices (Figure III-14A). This assay uncovered overlapping and non-
overlapping interacting partners with ETR1(127-738) and ETR2(157-776). For yeast-two-
hybrid screens, the C-terminal coding sequences of ETR1 and ETR2 were fused to the 
GAL4 DNA binding domain (BD) of pGBKT7 vector to generate pGBKT7-ETR1 and 
pGBKT7-ETR2 and then introduced into Saccharomyces cerevisiae strain Y187 to 
generate the bait strain. Arabidopsis cDNA libraries were generated in S. cerevisiae strain 
AH109, as fusion to the GAL4 activation domain (AD) of pGADT7 vector (Hewezi et al. 
2008). Screening for interacting proteins and subsequent analyses were performed with 
these two constructs. From this study, we identified 52 and 37 putative interacting 
partners for ETR1 and ETR2 respectively (Figure III-14A). Of these, six overlapped for 
both the receptors. In addition, we conducted another yeast two-hybrid screen using the 
cytosolic domain of an ETR1 transformant with a point mutation (E666A) in the γ loop of 
its receiver domain. Earlier studies on this transgene revealed that this point mutation in 
the receiver domain of ETR1 leads to a hyperfunctional ETR1 in relation to seed 
germination during stress but not for other traits studied. From this screen, we identified 
only 16 interacting partners (data not shown) indicating that this mutation may severely 
reduce ETR1-protein interactions.   
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A yeast two-hybrid screen was carried out using the cytosolic portion of ETR1 or ETR2 
as described in the materials and methods. (A) Diagram of cytosolic portions of ETR1 
and ETR2 used. Numbers represent the amino acids included in these constructs. 
Number of overlapping and non-overlapping interacting proteins with ETR1 and ETR2. 
(B) GO categorization of proteins interacting with ETR1 or ETR2. GO enrichment analysis 
was carried out using DAVID (https://david.ncifcrf.gov/). Only GO categories with a false 
discovery rate value < 0.05 were included.  
Figure III-14 Identification of Overlapping and Non-Overlapping Interaction 
Partners by Yeast Two-Hybrid Screen using the Cytosolic Domains of ETR1 and 
ETR2  
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A Gene Ontology (GO) functional characterization was done on the interacting partners 
for ETR1(127-738) and ETR2(157-776). Interestingly, it showed that both receptors had 
a substantial number of interacting partners that were related to stress conditions such 
as abiotic, salt, cold, metal ion, water and osmotic stresses (Figure III-14B). It is 
interesting to note here that preliminary RNA sequencing analysis performed on etr1-6 
and etr2-3 seeds, treated for 2d on salt, also revealed a significant number of genes that 
respond to several abiotic and biotic stress conditions (Figure III-15). The transcriptomic 
analysis needs to be repeated with proper controls and replicates and explored in-depth 
in future. A heat map was constructed examining gene co-expression patterns of ETR1 
and ETR2 with target proteins in various Arabidopsis tissues and organs using the Multi 
Experimental viewer. Red color represents pairs with highly correlated gene co-
expression profiles and green represents highly anti-correlated pairs. 
 
The co-expression profiles of ETR1, ETR2 with putative interacting proteins in embryos, 
floral buds, flowers, hypocotyls, leaves, roots, shoot apical meristem (SAM), seedlings 
and, whole plants were represented as a heatmap (Figure III-16A). Based on this 
information, we had generated a gene co-expression network. The network contains 83 
nodes and 87 edges representing the interacting combinations. Gene co-expression 
profiles of ETR1, ETR2 and, target genes were analyzed in root Arabidopsis tissues using 
10 different RNAseq datasets from the Sequence Read Archive. In the co-expression 
network of the ETR1, ETR2 and the target interacting proteins, continuous edges 
indicated significant co-expression in root, dashed edges represented significant co-
expression with the receptor in at least one tissue other than root, whereas red dotted  
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A preliminary RNA sequencing analysis was conducted on etr1-6 and etr2-3 seeds, 
treated for 2d on 150mM NaCl. (A) GO categorization of upregulated genes in etr1-6 
seeds, where genes are ≥20 fold upregulated in etr1-6 and ≤20 fold downregulated in 
etr2-3 mutant seeds, (B) GO categorization of upregulated genes in etr2-3 seeds, where 
genes are ≥20 fold upregulated in etr2-3 and ≤20 fold downregulated in etr1-6 mutant 
seeds. GO enrichment analysis was carried out using DAVID (https://david.ncifcrf.gov/). 
Only GO categories with a false discovery rate value < 0.05 were included.   
Figure III-15 Functional Categorization of Upregulated Genes in etr1-6 and etr2-3 
Mutant Seeds in Response to 150mM NaCl  
 
	
112 
 
 
 
 
 
 
 
 
 
 
 
(A)Heatmap showing co-expression patterns for ETR1 (left) and ETR2 (right) interacting 
proteins. Red color represents pairs with highly correlated gene co-expression profiles 
and green represents highly anti-correlated pairs in various tissues such as embryos, 
floral buds, flowers, hypocotyls, leaves, roots, shoot apical meristem (SAM), seedlings 
and, whole plant. (B) Gene co-expression map of the ETR1 and ETR2 interacting 
partners. Solid edges represent proteins with significantly correlated expression profiles 
with the receptor in roots. Dashed edges represent proteins with significantly correlated 
co-expression profiles in at least one tissue, but not roots. Dotted red edges represent no 
significant correlation in the co-expression profile between the receptor and the gene in 
question.  
A
B
Figure III-16 Gene Co-expression Patterns of the Interacting Overlapping and 
Non-Overlapping Partners of ETR1 and ETR2 in Various Arabidopsis Tissues and 
Organs 
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edges indicated no significant co-expression in any tissue with their respective receptor 
partner (Figure III-16B). It was interesting to note that most of the interacting pairs were 
expressed in only one organ or tissue. In a few cases, the interacting partners were found 
to coexpress in two or to a much lesser extent in three tissues with the majority showing 
coexpression in roots. 
 
Effect of Selected Interacting Partners of ETR1 and ETR2 on Seed Germination  
We were curious to further examine some of the putative interacting partners of ETR1 
and ETR2 uncovered in the yeast two-hybrid screen. To test that, we focused on the 
DROUGHT-INDUCED19 (DI19) transcription factor, a β-glucosidase called LONG ER 
BODY (LEB), and the RESPONSIVE TO DEYDRATION 21A (RD21A) protease identified 
from the yeast two-hybrid screen. All three of these proteins are reported to be involved 
in different abiotic stress responses such as drought, osmotic, high salinity or responses 
to ABA and are predicted to be expressed in either the cytosol or ER. It is interesting to 
note that out of these three proteins, DI19 interacts with CPK11, which encodes for a Ca2+ 
dependent, calmodulin-independent protein kinase that functions as a positive regulator 
of ABA signaling by phosphorylating ABA responsive element binding protein factors 
ABF1 and ABF4 (Liu et al. 2013; Qin et al. 2014; Qin et al. 2016; Wang et al. 2014; Zhu 
et al. 2007).  
 
As stated earlier, the hormone ABA is an inhibitor of germination that accumulates in 
plants in response to salt stress (Garciarrubio et al. 1997b; Jakab et al. 2005), so we were 
interested to know whether these three interacting partners of ETR1 and ETR2 had any 
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effect on seed germination in response to ABA. To investigate the effect, we ordered two 
loss-of-function alleles each for these three genes from the Arabidopsis Biological 
Resource Center (ABRC). These mutants included the pyk10-1 and leb-1 mutants for 
LEB that have previously been characterized (Nagano et al, 2008, Nagano et al., 2009), 
the SALK 065256 and SALK 090550 lines with mutations in RD21A and the SALK 119971 
and SALK 063827 lines with mutations in DI19. The SALK lines were confirmed to be 
homozygous using genotyping (data not shown). Hence, we compared the germination 
time courses and the time to reach 50% seed germination in the absence and presence 
of 1µM ABA these mutant lines to wild type, etr1-6 and, etr2-3 mutant seeds (Figure III-
17, III-18). In the absence of exogenous ABA, the time to reach 50% seed germination 
values for the mutants were indistinguishable from wild type seeds. In contrast, when 
treated with ABA, it was interesting to find that all mutant lines of the interacting partners 
germinated faster than the wild type seeds. The time for 50% germination of these 
mutants in the presence of ABA was slightly slower than the etr1-6 mutant seeds. These 
data suggest that these proteins are involved in the control of seed germination in 
response to ABA. 
 
Confirmation of Selected Interacting Partners of ETR1 and ETR2 by Protein-Protein 
Interaction Assays 
Based on the seed germination time course results, we were further curious to confirm 
whether or not these three proteins interact with ETR1 and ETR2. This first involved a 
yeast co-transformation assay between the selected three interacting partners and either 
ETR1 or ETR2. To do this, a full-length cDNA encoding one of the selected interacting   
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Germination time courses of wild type, etr1-6, etr2-3, two alleles each for RD21A (SALK 
065256, SALK 090550), DI19 (SALK 119971, SALK 063827), and PYK10 (pyk10-1, leb-
1) seeds were examined in the absence and presence of 1µM ABA. The percentage of 
seeds that germinated, was determined every 12h. All germination experiments were 
performed in triplicate. The average percentage of seed germination ± SD at each time 
point is plotted for each seed line. 
  
Figure III-17 Effect of Mutants of Three Interaction Partners of ETR1 and ETR2 on 
Seed Germination Time Courses in Response to ABA 
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The time for 50% germination on 1 µM ABA was calculated for each seed line from the 
data in figure III-16. For comparison, the time for 50% germination of etr1-6, etr2-3 and 
wild-type seeds is shown. Data represents the average ± SD and were analyzed using 
two-way ANOVA and Tukey’s multiple comparisons test. Different letters indicate 
significant difference (P < 0.05). 
  
Figure III-18 Time for 50% Seed Germination of Mutants of Interaction Partners of 
ETR1 and ETR2 in Response to ABA 
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partners was cloned into a prey vector (pGADT7) and the C-terminal coding sequences 
of ETR1 or ETR2 were cloned into a bait vector (pGBKT7). Subsequently, yeast cells 
(strain AH109) were co-transformed with the bait and prey vectors and potential 
interactions were visualized by differential growth on non-selective synthetic dropout (SD) 
medium (SD/-Leu/-Trp) and on the selective medium (SD/-Leu/-Trp/-His/-Ade). Serial 
dilutions of yeast co-transformed cells were used to measure the strength of the 
interaction (Figure III-19A). To confirm the protein-protein interactions in planta, 
bimolecular fluorescence complementation (BiFC) assays were conducted, where we 
used full length coding sequences of the receptors fused to the N-terminal half of a yellow 
fluorescent protein (YFP) gene (nEYFP), while the full-length clones of DI19, RD21A, or 
LEB fused to the C-terminal half of the yellow fluorescent protein gene (cEYFP) (Figure 
III-19B). The different combinations between nEYFP and cEYFP fusions were co-
expressed in tobacco epidermal cells. Consistent with our expectations, negative controls 
gave no YFP signal. In both assays DI19 only interacted with ETR2, whereas, LEB and 
yRD21A interacted with both receptors. These data suggest that LEB and RD21A interact 
with both the receptors and DI19 interacts only with ETR2 supporting the results from the 
yeast two-hybrid screen. 
 
Discussion 
Seeds play a key role in plants and are important for the survival of plants from generation 
to generation and species dispersion. The transition between seed dormancy and 
germination is an important ecological and commercial trait. This transitory phase is 
regulated by both hormones and environmental factors (Bentsink and Koornneef 2008).   
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(A) Yeast strain AH109 was co-transformed with full-length coding sequences of the 
selected interacting partners cloned in the prey vector (pGADT7) and C-terminal coding 
sequences of ETR1 and ETR2 cloned in the bait vector (pGBKT7). Protein-protein 
interactions were visualized by differential growth on the non-selective synthetic drop-out 
(SD) medium (SD/-Leu/-Trp) (left) and on the selective medium (SD/- Leu/-Trp/-His/-Ade) 
(right). (B) Bimolecular Fluorescence Complementation (BiFC) experiments in tobacco 
leaf epidermis was performed. Confocal images are presented, showing YFP 
fluorescence indicating interaction. The results are representative of two independent 
experiments. Scale bars = 25µM.  
B
A
Figure III-19 Confirmation of the Three Interaction Partners of ETR1 and ETR2 by 
Protein-Protein Interaction Assays 
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Among different phytohormones, ethylene and abscisic acid have an antagonistic effect, 
controlling the equilibrium between seed dormancy and germination (Arc et al. 2013). Salt 
stress has long been identified to affect seed germination (Sah et al. 2016). Prior research 
had shown that ethylene signaling promotes seed germination during salt stress in 
Arabidopsis (Mattoo and Suttle 1991). On the other hand, ABA has been found to be 
accumulated in plants during salt stress and results in reduced germination of seeds (Ng 
et al. 2014; Finkelstein et al. 2002). Recent findings from the Binder lab indicated that the 
receiver domain containing receptors ETR1 and ETR2 have a contrasting role on seed 
germination under salt stress, where loss-of-function etr1-6 mutants germinate better and 
etr2-3 loss-of-function mutants germinate worse as compared to the wild-type seeds in 
response to salt stress and ABA (Wilson et al. 2014b). The same study also suggested 
that the differences in germination between etr1 and etr2 loss of function mutants on NaCl 
are largely due to differences in ABA sensitivity. Since, seed germination is affected by a 
variety of stress parameters, we expanded these results by showing that ETR1 and ETR2 
have the similar contrasting roles in the control of seed germination under a variety of 
inhibitory conditions such as other salt (KCl), heavy metals (CuSO4, ZnSO4), ethanol 
stress and short day conditions involving ABA.  
 
Results presented in this chapter established that ETR1 and ETR2 affect the transcript 
abundance of many genes that encode for proteins in the ABA signaling pathway. For 
most of these gene transcripts in the presence of ABA, etr1-6 seeds had the lowest 
expression levels and etr2-3 seeds the highest. This included genes for several receptors 
(PYL7, PYL9), phosphatases PP2CAs (HAI1, HAI2, HAI3), kinases SnRK2s (SnRK2.2, 
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SnRK2.10), and downstream transcription factors ABFs (ABF1, ABF2, ABF3, ABF4, 
ABI5) (Bhaskara et al. 2012; Zhang et al. 2004a; Fujii et al. 2007; Fujita et al. 2009b; Fujii 
et al. 2011). These components are shown to function as positive regulators of ABA 
signaling. On the contrary, the opposite pattern was seen for the six PP2Cs (ABI1, ABI2, 
AHG1, AHG2, HAB1, HAB2) which are negative regulators of ABA signaling (Kuhn et al. 
2006; Rubio et al. 2009; Saez et al. 2004b; Nishimura et al. 2007; Leonhardt et al. 2004; 
Antoni et al. 2012). These results correlate with the germination profiles and ABA 
responsiveness in etr1-6 versus etr2-3 seeds where loss of ETR1 results in lower ABA 
signaling and loss of ETR2 in higher ABA signaling. 
 
Based on the this and previous research, it is proposed that salt stress causes increased 
biosynthesis of ABA, leading to inhibited germination. The role of ETR1 and EIN4 is to 
stimulate ABA signaling, leading to diminished germination and, ETR2 inhibits ETR1 and 
EIN4, leading to less ABA signaling and enhanced germination (Wilson et al. 2014b). In 
the present study, we observed that the transcript levels of ETR1, but not ETR2, in wild-
type seeds were increased by exogenously applied ABA. The observation that loss of 
ETR2 leads to higher levels of ETR1 transcript in the presence of ABA refines the above 
model where ETR2 inhibits ETR1 via regulation of transcription. Interestingly, the effect 
of ABA on both the receptors was revealed by an increase in ETR2 transcript in etr1-6 
seeds by addition of ABA, but that ETR1 inhibits this effect on ETR2 overcoming the effect 
of ABA. These data suggest a reciprocal regulation between ETR1 and ETR2 where each 
is negatively affecting the transcript levels of the other under different stress conditions 
involving ABA.  
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According to the traditional ethylene signal transduction, all the receptors bind ethylene 
and signal through CTR1 and EIN2 to elicit ethylene responses (Shakeel et al. 2013b). In 
our previous studies, we showed that these contrasting roles do not correlate with 
biosynthesis of ethylene or sensitivity to ethylene in the etr1 and etr2 loss of function 
mutant background (Wilson et al. 2014b). In this study, our epistasis analysis between 
the loss-of-function mutants of ETR1, ETR2 and either CTR1 and EIN2 generally support 
this model. Intermediate seed germination phenotypes in response to ABA were observed 
in the etr1-6;ctr1-2, etr2-3;ctr1-2, and etr1-6;ein2-5 as predicted if signaling is occurring, 
at least partially, independently of CTR1 and EIN2. By contrast, the etr2-3;ein2-5 double 
mutants had seed germination time-courses similar to the etr2-3 and ein2-5 parental lines. 
This suggests that ETR2 may not signal independently of EIN2. Interestingly, these 
double mutants also had a slight response to ethylene, raising the chances for ETR2 
having other effects on signaling that might affect seed germination response to ABA. 
 
The presence of a non-canonical signaling pathway from ETR1 and ETR2 independent 
of CTR1 and EIN2 raises the question of how this signaling is occurring.  The yeast two-
hybrid results suggest the presence of many possible non-overlapping interaction 
partners of ETR1 and ETR2 that potentially could be involved in this alternative pathway. 
Surprisingly, more than half for each of the receptors were found to be stress-related 
genes responsive to abiotic, salt, osmotic, light, cold and other stress conditions. In 
addition, various studies had shown that many of these interacting partners affect 
germination in response to ABA and NaCl, which in turn, strengthens our argument that 
these could be involved in mediating signaling from these receptors to the ABA signaling 
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pathway. We showed three of these interacting partners affect seed germination in 
response to ABA and provided additional evidence that these three are true interacting 
partners with one or both receptors. Even though the exact non-canonical pathway 
involved in regulating this trait still needs to be uncovered, the fact that there is a crosstalk 
from the receptors for one hormone to affect the signaling components for another 
hormone is thought provoking and hence needs to be explored in-depth in future. 
 
Materials and Methods 
Plant Materials and Chemicals 
The Arabidopsis thaliana (Arabidopsis) mutants used are in the Columbia background 
which was used as the wild-type control. The etr1-6, etr2-3, and etr1-6;etr2-3;ein4-4 triple 
mutants are lab stocks originally described by Hua and Meyerowitz (1998). The triple 
mutants transformed with cDNA encoding the full-length ETR1 (cETR1) or truncated 
ETR1 lacking the receiver domain (cetr1-ΔR), full-length genomic ETR1 transgene 
(gETR1), a full-length genomic transgene with a D659A (D659A) or E666A (E666A) point 
mutation have previously been described (Wang et al. 2003; Binder et al. 2004; Binder et 
al. 2006a; Kim et al. 2011a; Bakshi et al. 2015b). The plant hormone abscisic acid (ABA) 
was obtained from ACROS Organics (Belgium). Norflurazon (NF), an inhibitor of ABA 
biosynthesis, was obtained from Fluka (Switzerland).  
 
The ctr1-2 and ein2-5 mutants are lab stocks originally described by Kieber et al. (1993) 
and Alonso et al. (1999). The etr1-6;ein2-5, etr1-6;ctr1-2, etr2-3;ein2-5, and etr2-3;ctr1-2 
double mutants were generated by crossing the appropriate parents in three or more 
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independent crosses. The resultant crosses self-pollinated and taken to the F4 
generation. In each generation, seedlings were grown in the dark for 3d in the presence 
or absence of 1 µL L-1 ethylene to identify ein2-5 and ctr1-2 containing plants. Seedlings 
containing ein2-5 were identified by the fact that they were ethylene insensitive and had 
no growth inhibition in the presence of ethylene. The ctr1-2 containing crosses were 
identified by the constitutive ethylene triple response phenotype, where dark grown 
seedlings had a slow growth rate with an increased apical hook tightening in presence of 
ethylene-free air. The plants were then genotyped for etr1-6 or etr2-3. To distinguish 
ETR1 from etr1-6, we used the primers and methods of Kim et al. (2011a) where etr1-6 
gives a larger gene product than ETR1. For ETR2 and etr2-3, we used the ETR2-1w, 
ETR2-1m, and ETR2-41 primers and methods described by Hua and Meyerowitz (1998). 
A product formed by the ETR2-1m and ETR2-4 primer pair indicated the presence of etr2-
3, whereas, a product formed with the ETR2-1w and ETR2-41 primer pair indicated the 
presence of the wild-type ETR2. 
 
The pyk10-1, leb-1, SALK 065256, SALK 090550, SALK 119971, and SALK 063827 
mutants were obtained from the Arabidopsis Biological Resource Center. The pyk10-1 
and leb-1 mutants have previously been described (Nagano et al. 2009; Nagano et al. 
2008). To confirm the four SALK lines were homozygous T-DNA insertional mutants, we 
ran PCR reactions with gene-specific primer pairs for each SALK line. The primers used 
for genotyping were:  
SALK 065256 gF: 5’-CTGAAGAAGAAATGGGGTTCC-3’,  
SALK 065256 gR: 5’-GTTTATTCCCTCCACTGCTCC-3’,  
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SALK 090550 gF: 5’-ATACACGAAACCCAACAGCTG-3’,  
SALK 090550 gR: 5’-GAAAGCAGTTGCTCATCAACC-3’,  
SALK 119971 gF: 5’-ATTGGTACTATGTGCGGGTTG-3’,  
SALK 119971 gR: 5’-GGAAGAGAGGAGGCACAAATC-3’,  
SALK 063827 gF: 5’-GTTTCTCACCAGATCGGGATC-3’,  
SALK 063827 gR: 5’-GCAATACCAAAAGCAAGATGC-3’.  
 
We also confirmed the presence of the insertion by using the reverse primer for each 
SALK line paired with the LBb1.3 left border primer (5’-ATTTTGCCGATTTCGGAAC-3’) 
designed by the Salk Institute Genomic Analysis Laboratory for the T-DNA insertion. PCR 
cycling was performed at 95°C for 4 minutes for one cycle, followed by 40 cycles 
consisted of an initial denaturation at 95°C for 40s, annealing at 52°C for 40s and 
extension at 72°C for 3 minutes. The final cycle was followed by a 5-minute extension 
phase at 72°C. All the primers used for this genotyping assay are listed in Table III-3. The 
lack of a product with the gene-specific primer pair and the presence of a product when 
using the left border-reverse primer pair, indicated the plants were homozygous mutants 
for the gene in question. 
 
Seed Germination Assays 
Seed germination studies were conducted using the methods of Wilson et al. (2014b). To 
reduce biological variation, plants were grown at the same time under uniform conditions, 
seeds collected on the same day, stored in a desiccator, and after at least 3 weeks, seeds 
were mechanically sorted so that we used seeds between 250 and 300 µm in size (Hensel 
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et al. 1993; Ellwell et al. 2011). We surface sterilized the seeds for 30s with 70% (v/v) 
ethanol, then allowed the seed to try and placed them on 0.8% (w/v) agar plates that 
contained half-strength Murashige and Skoog salts, (Murashige and Skoog 1962), pH 5.7 
fortified with vitamins and no added sugar. At least three plates with twenty seeds each 
were plated for each seed line and condition as indicated. Plates were wrapped with 
porous surgical tape to avoid accumulation of ethylene (Buer et al. 2003). Unless 
otherwise specified, plates were kept at 20°C to 21°C under 12-13 µmol m-2 sec-1 white 
light with a long-day photoperiod (16h light/8h dark). Seed germination was evaluated 
every 12h and considered complete with the rupture of the testa (seed coat). For 
experiments with ABA and NF, control plates contained 0.01% (v/v) ethanol as a solvent 
control. For experiments where seed germination was carried out in darkness, seeds 
were placed on agar plates under dim light, then treated with far-red illumination for 5 min 
as previously described (Wilson et al. 2014a; Oh et al. 2007), and kept in darkness for 7d 
at which time the percent of seed germination was determined. 
 
Plasmid Construction 
Full-length coding sequences of RD21A, LEB, and DI19 and C-terminal coding 
sequences of ETR1 and ETR2 were isolated from cDNA of wild type Columbia seedlings. 
The coding sequences of these genes were PCR amplified using forward and reverse 
primers containing specific restriction enzyme sites. PCR amplification was performed 
using New England Taq DNA polymerase following the manufacturer’s instructions. PCR 
products of the cytosolic domains of ETR1 or ETR2 were double restriction enzyme 
digested using EcoRI and BamHI restriction enzymes, purified and fused to the GAL4 
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DNA binding domain of pGBKT7 vector (Clontech) to generate pGBKT7-ETR1 and 
pGBKT7-ETR2. Similarly, PCR products of the full-length coding sequences of the 
interacting proteins were double restriction enzyme digested, purified and fused to the 
GAL4 DNA activation domain of pGADT7 vector (Clontech) to generate pGADT7-RD21A, 
pGADT7-LEB and pGADT7-DI19. All the constructs were verified by double restriction 
enzyme digestion giving the correct size products and by sequencing.  
 
Yeast Two-Hybrid Screening 
To conduct a yeast two-hybrid screen, bait constructs encoding for the cytosolic portion 
of each receptor fused to the GAL4 DNA binding domain of pGBKT7 vector was 
introduced into yeast (Saccharomyces cerevisiae) strain Y187 to generate the bait strain. 
These were used to screen a cDNA prey library generated in yeast strain AH109 as a 
fusion to the GAL4 activation domain as described in Hewezi et al 2008. Screening for 
interacting protein partners and subsequent analyses were performed as described in BD 
Matchmaker Library Screening Kits (Clontech). 
 
Gene Co-expression Network Analysis 
To determine whether or not an interaction partner was co-expressed with ETR1 or ETR2, 
we used methods modified from Piya et al. (2014). Briefly, the co-expression profiles of 
ETR1, ETR2 and, target genes were analyzed from different Arabidopsis tissues and 
organs including embryos, floral buds, flowers, hypocotyls, leaves, roots, shoot apical 
meristem (SAM), seedlings and, whole plants using 63 different RNAseq datasets from 
the Sequence Read Archive (Leinonen et al., 2011). The individual gene expression level 
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from all the RNAseq data sets was quantified and represented as FPKM (Fragments per 
kilobase of transcript per million mapped reads) values. FPKM value of 1.0 was set as 
the threshold for expressed genes and hence, only those genes having FPKM values 
more than 1 in at least one tissue were included in the gene co-expression analysis. To 
identify the tissues where the interacting pairs were co-expressing, we calculated the Z-
scores for each of the FPKM values. The Z-score values were averaged across different 
samples of a given tissue and positive Z-score values with P < 0.05 represent high 
expression. Next, the sample contribution scores were calculated by multiplying Z-scores 
of ETR1 or ETR2 with the interacting partners for each tissue as described in Obayashi 
et al 2014 and then the values were used to construct the heatmap using the Multi 
Experimental viewer. Red color represented pairs with highly correlated gene co-
expression profiles and green represented highly anti-correlated pairs. Positive sample 
contribution score values obtained from multiplying two negative Z-scores were 
considered negative. Based on this information, we generated a gene coexpression 
network using Cytoscape (Shannon et al. 2003) The network contained 83 nodes and 87 
edges representing the interacting combinations. Gene co-expression profiles of ETR1, 
ETR2 and, target genes were analyzed in Arabidopsis root tissues using 10 different 
RNAseq datasets from the SRA. Pair-wise co-expression values of genes encoding 
ETR1, ETR2 and target proteins in root tissues were used to generate the co-expression 
network of the ETR1, ETR2 and the target interacting proteins. Continuous edges 
indicated significant co-expression in root, dashed edges represented significant co-
expression with the receptor in at least one tissue other than root, whereas red dotted 
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edges indicated no significant co-expression in any tissue with their respective receptor 
partner. 
  
Co-transformation Assay 
Selected interactions identified in the yeast two-hybrid screen were first tested using a 
yeast co-transformation assay. For the co-transformation assay, Saccharomyces 
cerevisiae strain AH109 cells were cotransformed with pGBKT7-ETR1 or pGBKT7-ETR2 
and pGADT7-RD21A, pGADT7-LEB and pGADT7-DI19 constructs and interactions were 
assayed using a stringent selection on synthetic quadruple drop-out media SD/-Ade/-His/-
Leu/-Trp selective medium performed in triplicate. Control growth conditions were carried 
out on double drop-out media (SD/-Leu/-Trp). Serial dilutions of yeast co-transformed 
cells were used to measure the strength of the interactions.  
 
Bimolecular Fluorescence Complementation (BiFC) Assay 
To determine whether or not selected proteins interacted with ETR1 or ETR2 in planta, 
we used BiFC assays as described by (Crawford and Zambryski 2000). The full-length 
coding sequence of ETR1 or ETR2 were PCR amplified from cDNAs of wild type 
Columbia seedlings using forward and reverse primers containing specific restriction 
enzyme sites. After double restriction digestion of the constructs, the PCR products were 
cloned into pSAT4-nEYFP-C1 to generate YN-ETR1 and YN-ETR2 fusions using the 
specific restriction enzymes. Similarly, the full-length coding sequences of RD21A, LEB 
and DI19 were cloned into pSAT4-cEYFP-C1B to generate YC-RD21A, YC-LEB and YC-
DI19 fusions. All these generated constructs were confirmed by double restriction enzyme 
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digestion and sequencing. All the combinations of nEYFP and cEYFP fusions, in addition 
to negative and positive controls, were coexpressed in tobacco leaf epidermal cells using 
particle bombardment as previously described by Hewezi et al. (2008). All the 
bombardments were performed in triplicates in two independent experiments. Co-
transformed leaf tissues were incubated at 25ºC in dark for 16-24h before being detected 
for YFP signal. Bright and fluorescent images were captured using Leica SP8 White Light 
Laser Confocal System. 
 
RNA Isolation and Real-Time qRT-PCR 
To evaluate the transcript abundance of Arabidopsis genes we used real-time qRT-PCR. 
To do this, total RNA was isolated from 25 mg (dry weight) of seeds that were germinated 
in the presence or absence of 1 µM ABA or 150 mM NaCl for 2d. We used the methods 
of Meng and Feldman (2010) as modified by Wilson et al. (2014a) to isolate RNA. 
Transcript data were normalized to At3g12210 (Dekkers et al. 2011) using the method of 
Livak and Schmittgen (2001) for each seed line for each condition to obtain the relative 
amounts of target gene transcripts between plant backgrounds for each treatment. These 
levels were then normalized to the levels observed in untreated wild-type seeds. All other 
primers used for this analysis have been described previously (Gliwicka et al. 2012; Fujii 
et al. 2007; Chan 2012b; Singh et al. 2015; Miura et al. 2009; Yoshida et al. 2015; 
Bhaskara et al. 2012; Zhang et al. 2016; Zhou et al. 2015). The following primer pairs 
were used for the qRT-PCR of ETR1 and ETR2: ETR1-qF: 5’-
AGTGTTAAGACTCGGGAGCTT-3’, ETR1-qR: 5’-GTTTCTTCCTGAGTTCGAATCAAT-
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3’, ETR2-qF: 5’-ATGGCGTTTACTGTTTTCAAGATG-3’ and ETR2-qR: 5’-
CAAAATCAAACCAACTTCACGACC-3’.  
 
Accession Numbers 
Arabidopsis Genome Initiative accession numbers for genes studied in this chapter are: 
ABF1, At1g49720; ABF2, At1g45249; ABF3, At4g34000; ABF4, At3g19290; ABI1, 
At4g26080; ABI2, At5g57050; ABI5, At2g36270; AHG1, At5g51760; AHG3, At3g11410; 
CRA1, At5g44120; CTR1, At5g03730; DI19, At1g56280; EIN2, At5g03280; ETR1, 
At1g66340; ETR2, At3g23150; HAB1, At1g72770; HAB2, At1g17550; HAI1, At5g59220 ; 
HAI2, At1g07430; HAI3, At2g29380; KIN1, At5g15960; LEB, At3g09260; PYL1, 
At5g46790; PYL5, At5g05449; PYL7,  At4g01026; PYL9, At1g01360; PYR1, At4g17870; 
RAB18, At5g66400; RD21A, At1g47128; RD29A, At5g52310; SLAC1, At1g12480; 
SLAH3, At5g24030; SnRK2.2, At3g50500; SnRK2.3, At5g66880; SnRK2.6, At4g33950; 
SnRK2.10, At1g60940.  
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Table III- 1 List of primers used in this study 
	
	
	
	
Primer Name Primer Sequence 5’ to 3’ 
cETR1-yF 
cETR1-yR 
Y2H Screening Primers 
GTGAATTCATGGCTGCCGAATTGGATAGA 
GTGGATCCTCACATACCCTCATACAAAAC 
cETR2-yF 
cETR2-yR 
Y2H Screening Primers 
GTGAATTCATGGCTCACGAATTGGGTAGA 
GTGGATCCTCAAAGCAACTGATCAGCTTG 
RD21A-cF 
RD21A-cR 
Co-transformation Primers 
GTGGAATTCATGGGGTTCCTTAAGCCA 
GTGGGATCCTTAGGCAATGTTCTTTCTG 
LEB-cF 
LEB-cR 
Co-transformation Primers 
GTGGTGGAATTCATGGTTTTGCAAAAGCTT 
GTGGGATCCTTAAAGCTCATCCTTCTT 
DI19-cF 
DI19-cR 
Co-transformation Primers 
GTGGAATTCATGGACGCTGATTCCAAG 
GTGGTGGGATCCTTAGACTTCATCGAAAAT 
RD21A-bF 
RD21A-bR 
BiFC Primers 
GTGGAATTCAATGGGGTTCCTTAAGCCA 
GTGGGATCCTTAGGCAATGTTCTTTCTG 
LEB-bF 
LEB-bR 
BiFC Primers 
GTGGTGGAATTCAATGGTTTTGCAAAAGCTT 
GTGGGATCCTTAAAGCTCATCCTTCTT 
DI19-bF 
DI19-bR 
BiFC Primers 
GTGGAATTCAATGGACGCTGATTCCAAG 
GTGGTGGGATCCTTAGACTTCATCGAAAAT 
ETR1-bF 
ETR1-bR 
BiFC Primers 
GTGGTGGAATTCAATGGAAGTCTGCAAT 
GTGGGATCCTTACATGCCCTCGTA 
ETR2-bF 
ETR2-bR 
BiFC Primers 
GTGGTGGTCGACATGGTTAAAGAAATAGCT 
GTGCCCGGGTTAGAGAAGTTGGTC 
 
	
132 
Chapter IV: Conclusions and Future Directions 
 
The ethylene receptors and the ethylene signal transduction pathway have been well 
studied. Based on all the previous research, it is now evident that the ethylene receptors 
have become subfunctionalized, having both overlapping and non-overlapping roles to 
control several physiological functions such as growth rate in air, growth recovery after 
removal of ethylene, ethylene stimulated nutational bending and germination under stress 
conditions in Arabidopsis thaliana. Out of the five receptor isoforms in Arabidopsis, ETR1 
plays a central role in regulating these traits and specifically requires its receiver domain 
to function for most of these traits.  
 
In this study, we had targeted eleven non-conserved residues in the ETR1 receiver 
domain for alanine scanning mutagenesis to see how they would affect these phenotypes. 
These mutant transgenes were transformed into etr1-6;etr2-3;ein4-4 triple loss of function 
mutants using Agrobacteria and floral dip method. Two of the traits, growth rate in air and 
growth recovery after removal of ethylene, were mostly unaffected by these point 
mutations, indicating that these transgenic lines were all functional or partially functional 
for these two traits. By contrast, three mutations (Q684A, E730A and L734A) on one 
surface of the receiver domain (near and on the C-terminal end) failed to rescue the 
ethylene-stimulated nutational bending, suggesting that they are required for a functional 
ETR1 protein in the control of ethylene stimulated nutations but not for the other traits 
tested (Figure IV-1). Additionally, we also identified that several mutations on another 
surface at or near the γ loop of the receiver domain altered differentially the germination 
of seeds under salt stress. Some of the mutations behaved as hyperfunctional ETR1  
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Two views are represented of the tertiary structure of the backbone carbons of the ETR1 
receiver domain based on the published crystal structure (Muller-Dieckmann et al., 1999. 
The positions of the amino acid residues determined to have the largest effects on 
ethylene-stimulated nutations (Q684, E730 and L734) and germination on salt (D659, 
C661, V665 and E666) are shown in the crystal structure.  
Figure IV-1 Models for ETR1 Receiver Domain Output 
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(E666A, V665A), whereas some of them reduced the activity of ETR1 in terms of seed 
germination on salt, but were found to be functional for the other traits. Consistent with 
our previous studies, we confirmed that this was probably not due to changes in ethylene 
biosynthesis or perception, but caused by contrasting roles in the control of sensitivity to 
ABA. It is fascinating that all these examples of ETR1 functional divergence require the 
receiver domain of ETR1, where different surfaces in the structure are involved in 
regulation of different physiological traits (Figure IV-1). 
 
Prior studies had indicated the role of individual ethylene receptors to control seed 
germination, where ETR1 and EIN4 inhibit and ETR2 promotes seed germination under 
salt stress. We expanded on our understanding about these contrasting roles of ETR1 
and ETR2 by showing that they control seed germination in a similar pattern under other 
inhibitory conditions such as other salt, heavy metals, ethanol and different light 
conditions. Interestingly, ABA sensitivity was found to be altered in mediating this 
opposite role of the receptors under all the conditions tested. Moreover, the transcript 
abundance of many genes that encode for proteins involved in the ABA signaling pathway 
were found to be differentially regulated in etr1-6 compared to etr2-3 mutants. We further 
determined the transcript abundance of ETR1 and ETR2 in their respective single mutant 
lines in response to ABA. Based on the results, we came up with our current epistatic 
model that explains how ETR2 inhibits ETR1 by preventing accumulation of ETR1 
transcript (Figure IV-2). These data also suggest that ETR1 is negatively affecting the 
accumulation of ETR2 transcript in response to ABA leading to a feedback regulation to   
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In this model, it is proposed that various stresses raise the cellular ABA levels by an 
increased ABA biosynthesis. Present findings indicate that ETR2 inhibits ETR1 by 
reducing, but not eliminating, ABA-induced increases in ETR1 transcription. Additionally, 
ETR1 suppresses ABA-induced changes in ETR2 transcript abundance. It is possible that 
EIN4 is also affecting transcript abundance of ETR2 and vice versa, but this has not yet 
been studied. 
 
 
  
Figure IV-2 Model of ETR1 and ETR2 in the Control of ABA Signaling During Seed 
Germination under Stress Conditions 
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promote more signaling from ETR1 due to higher ETR1 transcript abundance (Figure IV-
2). 
 
At this point, the next major goal in this research is to identify the mechanism by which 
the ethylene receptors are differentially controlling seed germination in response to stress 
stimulus. Our yeast two-hybrid screen with the cytosolic domains of ETR1 and ETR2 
uncovered several overlapping and non-overlapping interacting partners. Surprisingly, 
more than half of them were related to stress related functions. We were successful to 
investigate three of the interacting partners and examined their role on seed germination 
in response to ABA. This research once again evoked the idea of a non-canonical 
ethylene signaling pathway involved in regulating several traits. Still, a lot more research 
needs to be performed to determine the exact pathway regulating this trait. Our results 
indicate that numerous changes in ABA signaling are occurring suggesting that the 
regulation of this pathway by ETR1 and ETR2 is likely to be complex. 
 
Based on the current findings from this research, there are several questions which need 
to be resolved, which will help in rebuilding the ethylene functionalization model in 
Arabidopsis. Although genetic epistatic analysis is tedious, it is a cost-effective method 
that can answer the importance and requirement of the receiver domains of ETR1 and 
ETR2 ethylene receptors. It will be interesting to conduct a chimeric study using ETR1-
ETR2 receptor chimeras, where two chimeric receptor constructs will be generated, 1) a 
chimeric ETR1-ETR2 receptor transgene containing the receiver domain of ETR2 (1112) 
and, 2) ETR2-ETR1 receptor transformant containing the receiver domain of ETR1 (2221) 
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and then their possible roles on seed germination in response to ABA will be tested. In 
this context, a truncated mutant of ETR2 lacking the receiver domain (cETR2-∆R) might 
be essential to determine the requirement of the receiver domain of ETR2 in promoting 
seed germination under stress conditions. If the receiver domain is playing the key role in 
attributing the contrasting behavior on seed germination, then we might expect to see 
reversal of functions in the chimeric receptor constructs. In connection to this, another 
chimeric study involving swapping of the ETR1 receiver domain to ERS1 might be 
relevant to better understand the requirement of ETR1 receiver domain in regulating 
various traits. 
 
From our sequence alignment studies of ETR1, ETR2 and EIN4 receiver domains, we 
revealed that over 60 amino acid residues were found to be non-conserved between 
ETR1 versus ETR2 and EIN4 and high divergence in amino acid sequence was found in 
the γ-loop of ETR1 (MPGVEN) as compared to ETR2 and EIN4. Although we were 
successful in mutating three out of six amino acid residues in the γ-loop of ETR1 and 
found their probable roles, it will be useful to mutate the other two residues Pro663 and 
Gly664 in the γ-loop. One of the major reasons behind it is Pro663 is present in ETR1 
and EIN4 and replaced by a glycine in that same position in ETR2. Since we saw that γ-
loop plays an important role in ETR1 to control seed germination, then it will be interesting 
to determine the probable role of the proline instead of glycine in that position, which 
might be attributing some sort of flexibility in the structure and mediate receptor-protein 
interaction. Secondly, glycine 664 is substituted by a glutamic acid in both ETR2 and 
EIN4, so mutating it might be helpful in better illustrating the role of the diverged γ-loop in 
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ETR1. In relation to the receiver domain point mutants, it will be more insightful if some 
of the important point mutations such as V665A, E666A, Q684A, E730A and L734A can 
be transformed into the etr1-6 mutant background. Then, we can solely study the role of 
ETR1 receiver domain in relation to the functional ETR2 and EIN4 receptors and might 
uncover some new dimensions in the subfunctionalization model.  
 
Our prior studies suggest a model where ETR2 is signaling through ETR1 by inhibiting it 
and hence regulating ABA signaling and promoting germination of seeds under salt 
stress. This appears to be regulated by the ABA-induced transcription of ETR1. Now we 
have a list of the putative interaction partners identified from the yeast two-hybrid assay. 
It would be therefore be beneficial to cross etr1 and etr2 with mutants of some of the 
interacting partners involved in salt, abiotic or drought stress conditions and test their 
probable effect on seed germination that might help us to extend our non-canonical 
ethylene signaling model.  
 
Since, I had done a preliminary RNA sequencing analysis on wild type, etr1-6 and etr2-3 
seeds in response to 2d germination on salt, and uncovered many genes differentially 
regulated in the mutants in response to salt. It would now be relevant to conduct both 
transcriptomic and proteomic studies on wild type, etr1-6 and etr2-3 at multiple time points 
during seed germination in the presence and absence of ABA with proper internal controls 
and biological and technical replicates. One should expect to find opposite effects on the 
transcript abundance, protein and metabolite levels between etr2-3 and etr1-6 seeds as 
compared to wild type seeds in response to ABA with minor or no differences in the 
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absence of exogenously applied ABA. This global picture at the cellular level will help us 
to identify the role of ETR1 and ETR2 with other hormones and metabolites in the 
transcription and translation level. 
 
The exact output of these receptors is still not completely clear but combining the results 
presented in this dissertation and future work on the proposed experiments will better 
delineate the functions of ETR1 and ETR2 in the regulation of plant growth and 
development and distinguish the underlying mechanisms for these functions. 
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